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The mantis shrimp is a crustacean known for having the fastest strike in Nature. 
Mantis shrimps are commonly classified as "spearer" or "smasher". The smasher is 
known to dismember crustacean preys with strikes from the enlarged heels of their 
second pair of thoracic appendages. Yet during intraspecific aggression, the smashers 
are able to fend off such strikes with their telson. We examine the mechanical 
properties of the telson of the Peacock Mantis Shrimp (Odontodactylus scyllarus) 
using quasi-static loading and ballistic tests, and compare it against the telson of a 
spearer Harpiosquilla raphidea and the carapace of the Thunder Crab (Myomenippe 
hardwickii). In the quasi-static loading test, the smasher telson exhibits better 
structural stiffness and load bearing capacity. Deformation of the smasher telson 
under static compressive load is examined through computational simulation on a 2-D 
cross-section model. From the simulation, it is found that large deflection of the 
central carina is achieved without having regions of high stress. This study highlights 
impact mitigation features of the telson which can potentially lead to better design of 
protective armor. Using SEM imaging, the cuticle of the telson is found to be 
composed of chitin-protein fibres arranged in a helicoidal configuration which is the 
main reason for the strength and toughness shown at the macro-scale level. Based on 
the helicoidal configuration, carbon-epoxy laminates are fabricated and tested under 
quasi-static bending and ballistic tests. Numerical simulation is also performed to 
elucidate the damage mechanisms in the laminates. It is shown that the helicoidal 
configuration is capable of achieving higher stiffness and peak load under quasi-static 
loading and higher ballistic limit under impact loading compared to the cross-ply 
configuration. However, these advantages would require the ply rotation angle of the 
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In the domain of personnel protective equipment, there is a perpetual quest for lighter, 
stronger armour. High performance lightweight fabrics based on aramid fibres, such 
as Kevlar and Twaron, or Ultra High Molecular Weight Polyethylene (UHMWPE), 
such as Dyneema and Spectra, are the materials of choice. In order to defeat handgun 
rounds, conventional body armour solutions usually comprise more than 30 plies of 
such fabrics, which is essentially thick and rigid. For higher level of threats such as 
rifle rounds, an additional layer of hard armour is still necessary to prevent 
penetration. As a result, the stiff and bulky protective equipment limits the mobility 
and performance of personnel. Given that current design of body armour involves 
primarily stacking high performance fabrics until there are sufficient plies to defeat 
the intended ballistic threat, there is still room for improvement in terms of better 
configurations of the materials.  
 
Inspiration for flexible armour design can be found in Nature. The cuticle 
(exoskeleton) of invertebrates, ranging from insects to crustaceans, is a prime 
example of body armour which serves a critical role in the survival of the organism.   
In order to survive, animals have developed effective attack and defence mechanisms. 
Many of such adaptations, for instance camouflage and body armour, hold potential 
applications for defence purposes. These mechanisms represent systems that have 
survived as a result of millions of years of field trials and design testing by Nature. 
Poor or ineffective designs would had been eliminated by the process of natural 
selection, and what remain are arguably the most successful systems available for 
humans to mimic without repeating the trials that Nature had already conducted. 
 
The mantis shrimp is a crustacean, related to crabs and shrimps, with a fearsome 
reputation as a ferocious predator of the sea due to their unique attack capabilities. 
They are easily recognisable and there are currently some 500 species known 
worldwide. They can be found in suitable habitats ranging from near-shore regions, 
coral reefs, down to the deep sea of 1,500 m depth (Ahyong et al. 2008). Mantis 
shrimps are commonly classified as "spearer" or "smasher" (see Figure 1.1). The 
focus of this study is on the "smasher" type because they are known to strike their 
own kind such that their defence mechanism is likely to be structured to withstand the 
same impact forces they unleash on their preys (to be further elaborated in Chapter 2). 
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While the hammer of the "smasher" mantis shrimp has been the focus of several 
studies (Currey et al. 1982; Patek et al. 2004; Patek and Caldwell 2005), the role of 
the telson (i.e. tail segment) against potentially fatal strikes has, to date, received far 
less attention. The cuticle of the telson is primarily composed of chitin fibres that are 
relatively soft compared to man-made materials such as polymers and metals, but is 
capable of achieving greatly increased strength and toughness at the macro-scale level. 
This motivates the current study to examine the multi-scale morphology of the mantis 




The preceding paragraphs provide a glimpse at the fundamental goal of this research: 
to understand the underlying mechanisms which amplify the mechanical performance 
of the constituent materials in the cuticle of a smasher, commonly known as the 
peacock mantis shrimp (Odontodactylus scyllarus), and to incorporate its key 
characteristics into a laminated carbon-epoxy composite system. The microstructure 
of the cuticle will be evaluated using scanning electron microscopy (SEM). To 
understand the roles of the underlying hierarchical structure, mechanical tests will be 
conducted at both macro-scale (ballistic and quasi-static tests) and micro-scale levels 
(nanoindentation). Aside from the proposed bio-inspired composite system, a 
conventional composite layup commonly used in industry will also be tested as a 
reference system against which the performance of the proposed design will be 
compared. Numerical analysis will also be conducted to quantify the differences in 
material response between the two systems. 
 
1.3	Scope	of	Study	
In order to ascertain the advantages in mechanical properties that the smasher telson 
have over other crustaceans, quasi-static loading and ballistic tests will be carried out 
on the smasher telson, the telson from a spearer and the carapace from a crab. Further 
investigation into the micro-structure of the cuticle of the telson will be performed 
using SEM imaging and nano-indentation. The bio-inspired composite system will be 
fabricated using carbon fibre-epoxy materials as it is a widely used material system 
with excellent mechanical properties for common testing techniques. Similar to tests 
on the biological specimens, the bio-inspired composite system will be tested under 
quasi-static and ballistic loading conditions with comparison against cross-ply 
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laminates. In order to evaluate the internal damages, micro-CT scans will be 
performed on post-test specimens. Numerical analysis will also be carried out to 
understand the failure mechanisms of the bio-inspired composite system under static 
and dynamic loading conditions. 
 
1.4	Organisation	of	Dissertation	
This dissertation is composed of 5 chapters. There is no separate chapter on literature 
review. Instead, existing works are reviewed according to the relevant chapters. The 
outline of this dissertation is as follows: 
 
Chapter 2 – The Mantis Shrimp 
Chapter 2 contains work on the peacock mantis shrimp, starting with the introduction 
of the mantis shrimp and the structure of the cuticle. Related studies on mantis 
shrimps and other arthropods are also summarized in this chapter. This chapter also 
describes the microstructure of the mantis shrimp cuticle based on SEM imaging. The 
macro- and micro-scale behaviour of the mantis shrimp telson is discussed as well. 
 
Chapter 3 – Mechanical Properties of Helicoidal Composites 
Chapter 3 details the experimental investigation, comprising quasi-static and ballistic 
tests, on the bio-inspired carbon-epoxy composite system. For both quasi-static and 
ballistic tests, a conventional composite layup, i.e. the cross-ply configuration, is 
included for comparison against the helicoidal configuration.  
 
Chapter 4 – Numerical Analysis 
Chapter 4 begins with theoretical analysis using classical theories to predict the 
elastic behaviour of the proposed helicoidal layup sequence. This is followed by the 
numerical analysis on both helicoidal and cross-ply laminates using the commercial 
finite element software ABAQUS for a more complete understanding of their 
respective behaviour observed in the experiments. A complete damage model 
incorporating the intra- and interlaminar failure criteria is used to elucidate the critical 
modes of failure in the specimens for the quasi-static plate bending experiment. 
 
Chapter 5 – Conclusion 
Lastly, Chapter 5 summarizes the key findings in the current study. 





Figure 1.1: Side profiles of (A) smasher and (B) spearer mantis shrimps, with the 
respective second thoracic appendages and attack mechanisms highlighted. Modified 








Mantis shrimps are marine crustaceans which can be broadly divided into two groups, 
viz. smashers and spearers, based on their attack mechanisms (Caldwell and Dingle 
1976). The common name of mantis shrimp is derived from their arm-like raptorial 
second thoracic appendage which bears resemblance to the praying mantis. Smashers 
have a unique attack mechanism in which the enlarged heel of the second thoracic 
appendage is used to strike at targets in a rapid swinging motion. They are capable of 
fracturing hard-shelled preys such as bivalves and even dismembering the claws of 
crabs with their strike. Spearers, on the other hand, extend their second thoracic 
appendage fully to pierce their prey with the sharp spines at the distal segment 
(dactyl). In perhaps the first detailed study on the striking motion of mantis shrimps, 
Burrows (1969) examined a smasher Hemisquilla ensigera, and determined the peak 
linear velocity of the heel to be 10 m/s. In a more recent study, Patek et al. (2004) 
investigated the strike of the peacock mantis shrimp and determined the maximum 
linear velocity of the heel to be 23 m/s. 
 
According to various researchers (e.g. Currey et al. 1982; Patek and Caldwell 2005; 
Patek et al. 2004; Patek et al. 2007; Weaver et al. 2012), the enlarged heel of a 
smasher is capable of delivering high impact forces. Patek and Caldwell (2005) 
measured the striking force of the peacock mantis shrimp using a one-axis force 
sensor, successfully characterizing the impact event in the strike of a smasher. 
Besides the primary impulse, a secondary impulse was discovered (see Figure 2.1). 
By comparing the measured force-time relationship with high-speed video capture, 
the secondary impulse was determined to be caused by cavitation initiated by the 
impact. The average peak force of strike (primary impulse only) was 226 N while that 
of the cavitation was 135 N. The average impulse delivered by the strike was 0.23 
µNs, while that of the cavitation was 0.13 µNs. Weaver et al (2012) further 
investigated the microstructure of the enlarged heel on the peacock mantis shrimp and 
found various mechanisms working in synergy to allow the heel to deliver thousands 
of high impact strikes without failure. Most notably, the helicoidal arrangement of 
chitin fibres allow for better dissipation of impact energy through the propagation of 
microcracks and yet at the same time prevent catastrophic crack propagation due to 




Equally fascinating to their smashing prowess is the defence capability of their telson. 
As mentioned previously, the smashers do not attack preys only but are also known to 
strike their own kind in disputes over territory or food. The telson is used as a shield 
against another smasher during a fight. With an attack mechanism capable of 
delivering strike forces up to 226N at a maximum linear velocity of 23 m/s, it is 
amazing that their telson can withstand repeated strikes from their own kind. 
Therefore, the telson can be seen as Nature’s design of ballistic armour. Smashers 
have been reported to have thicker and better reinforced cuticle in their telson 
compared to spearers (Caldwell and Dingle 1976; Currey et al. 1982). In particular, 
Caldwell and Dingle (1976) noted that within the same family Gonodactylidae, 
smasher species have more heavily armoured telsons than spearers, and may be 
attributed to the respective attack mechanism. The behaviour of the smasher 
Haptosquilla glyptocercus when it attempts to take over a burrow is an example 
where the telson is used to block against repeated strikes (Caldwell and Dingle 1976). 
The aggressor smasher enters telson first into the burrow, allowing the occupant to 
strike at its telson. Such behaviour was observed to last for several hours until the 
occupant leaves the burrow, thus highlighting the strength and toughness of the telson. 
 
However, since the emphasis of the aforementioned studies was on the biological 
aspects of mantis shrimps, the mechanical properties of mantis shrimp cuticle were 
not properly examined. Without proof from mechanical testing, it is assumed that the 
descriptions from these studies were based purely on observation. Indeed, there is 
generally more extensive ornamentation and elaborate structures found in the telson 
of smashers, as compared to spearers, which give the impression of a stronger 
structure in the former. Unlike the smashers, spearers do not use the telson for 
defensive purposes (Caldwell and Dingle 1976). This suggests that the telson of 
spearers is not adapted to resist impact forces unlike smashers. Currey et al. (1982) 
examined a smasher species from the Gonodactylus genus and suggested that the 
telson achieves its protective function with a thin and hard outer layer, and a thicker, 
more pliant layer underneath. The only known work to date on the mechanical 
properties of the telson is by Taylor and Patek (2010), who performed drop impact 
tests to obtain the coefficient of restitution of the telson. The tests were conducted on 
17 smashers of the species Neogonodactylus wennerae. In their experiment, a 
stainless steel ball (6.33 mm in diameter) was dropped from a height of 100 mm onto 
the centre ridge (medial carina) of the telson. Another set of test was done on the fifth 
abdominal segment for comparison. The incident velocity of the ball was 1.67 m/s. 







e      [2.1] 
Where: 
 fv  = Velocity of the ball at separation (m/s), 
 iv   = Velocity of the ball at impact (m/s). 
The average coefficient of restitution for the telson of Neogonodactylus wennerae 
was found to be 0.56 ± 0.083, which is equivalent to a dissipation of 69 % of the 
impact energy. In comparison, the average coefficient of restitution for the abdomen 
was higher at 0.67 ± 0.046, corresponding to a dissipation of 55 % of the impact 
energy. The results presented by Taylor and Patek (2010) suggest that the telson 
dissipates more energy during an impact than the abdomen. Considering the two parts 
of the cuticle that were compared, the telson plays a more critical role in the 
protection of the mantis shrimp. It was therefore concluded that the telson has a more 
inelastic behaviour that is used to absorb impact energy. However, it is important to 
note that the impact velocity of 1.67 m/s is lower than the strike of a peacock mantis 
shrimp by an order of magnitude. This means that the results presented by Taylor and 
Patek (2010) may not reflect the true response of the telson under impact from the 
strike of another smasher. It does, however, highlight the behaviour of the respective 
segments under low-velocity or static loading conditions. During the drop test, 
significant deformation took place in the regions surrounding the carina whilst the 
carina was able to maintain its shape under loading. This suggests that the ridges in 
the smasher telson play a critical role in its load bearing capability. 
 
The success of the telson in the role of defence can be attributed to the material 
composition, geometry and microstructure. The emphasis of the current study is on 
the microstructure, as the features can be implemented using existing materials to 
improve mechanical properties on the macro scale. In the current study, the telson of 
the peacock mantis shrimp is examined (see Figure 2.2). 
 
2.2	Related	Works	on	the	Cuticle	
The cuticle of arthropods, which include insects and crustaceans, have the same basic 
structure comprising layers of chitin fibrils embedded in a protein matrix (Bouligand 
1965; Neville 1975; Vincent 2001; Fabritius et al. 2011). The key feature of the 
cuticle is its multi-scale morphology (see Figure 2.3). At the most fundamental level 
of the hierarchical structure is the acetyl glucosamine monomers which are assembled 
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to form crystalline chitin (Fabritius et al. 2011). Of the three forms of crystalline 
chitin that had been identified, namely α-, β- and γ-chitin, representing different 
arrangement of the polymer chains, α-chitin is the predominant form found in 
arthropod cuticle (Andersen 1979; Giraud-Guille 1984). In α-chitin, the crystalline 
structure is formed by acetyl glucosamine polymer chains with an anti-parallel 
alignment. In the next level of the hierarchical structure, bundles of chitin molecules 
are surrounded with proteins to form nanofibrils of diameter approximately 2 to 5 nm. 
These nanofibrils are further grouped into larger bundles to form chitin-protein fibres 
with diameters in the range of 50 to 250 nm, constituting the next level of hierarchy 
(Neville 1975; Andersen 1979). In the crustacean cuticle, the chitin-protein fibres are 
arranged in parallel to form unidirectional layers (Neville 1984). As for insect cuticles, 
such layers are composed of nanofibrils instead. This is analogous to man-made 
unidirectional fibre-reinforced composites whereby each ply comprises fibres of high-
strength materials bundled in tows that are embedded in a resin matrix. 
 
In terms of stacking configuration in crustacean cuticle, Bouligand (1965) proposed 
the helicoidal structure, where each unidirectional layer of chitin fibres is oriented at 
a small angle relative to adjacent layers. This is based on observation of parabolic 
patterns in oblique sections of crustacean cuticle. A layup with ply orientation 
rotating through 180° is referred to as a lamella. 4 2.4 illustrates an oblique section of 
a helicoidal laminate. The orientation of the fibres produces an optical pattern of 
concentric arcs, which are not visible in a perfectly vertical section (Bouligand 1965; 
Bouligand 1972). The parabolic pattern facilitates the analysis of the cuticle in that it 
indicates the thickness of the lamella and the amount of rotation in each layer. The 
helicoidal layup is the most common stacking sequence in crustacean cuticle 
(Bouligand 1972; Neville 1975; Giraud-Guille 1998). There are exceptions to the 
helicoidal structure, especially in insect cuticle where unidirectional arrangements 
can be found (Neville 1984). However, since the focus of the current study is on the 
mantis shrimp cuticle, emphasis is placed on the helicoidal configuration. 
 
Figure 2.5 illustrates the layout of the sub-layers in the crustacean cuticle. As Figure 
2.5 shows, the crustacean cuticle comprises four layers (in the order from distal to 
proximal): epicuticle, exocuticle, endocuticle and membranous layer (Roer and 




2.2.1 The Epicuticle and Membranous Layer 
The main purpose of the epicuticle is to function as a waterproof layer to prevent loss 
of water to the surroundings. The epicuticle is thin compared to the entire cuticle 
section, with thickness in the order of micrometers. It is the only layer in the cuticle 
that does not contain chitin and therefore can be considered non-structural (Hadley 
1986; Vincent 2001). 
The membranous layer is the innermost layer of the cuticle. As the name suggests, it 
is a thin and flexible membrane composed primarily of chitin and protein with a 
helicoidal stacking arrangement (Dennell 1960; Travis 1963; Welinder 1975; Neville 
1975). Mineral phase is absent in this layer due to the dense packing of the chitin-
protein fibres (Giraud-Guille 1984). 
 
2.2.2 The Procuticle 
The exocuticle and endocuticle form the structural part of the cuticle, collectively 
referred to as the procuticle (Andersen 1979). Key structural differences between 
exocuticle and endocuticle are the density of chitin fibres, number of fibre layers in a 
twisted plywood stack and the shape and number of pore canals pass through the 
thickness of the cuticle (Fabritius et al. 2011). The higher density of chitin fibre in the 
exocuticle could be attributed to the protein cross-links formed in the process of 
sclerotization, which is also a factor resulting in the higher stiffness of the exocuticle 
(Vincent 2001). 
 
In the procuticle, the helicoidal configuration of the chitin fibre layers results in 
quasi-isotropic behaviour. Joffe et al. (1975) conducted mechanical tensile tests on 
cuticle from the giant tiger prawn Penaeus mondon. The specimens were punched 
using a custom fabricated die at orientations parallel (0°) and perpendicular (90°) to 
the longitudinal axis of the animal. The measured stress-strain response of the 0° and 
90° specimens did not show significant difference, thus indicating in-plane isotropy 
of the cuticle. The primary structural difference between the exocuticle and the 
endocuticle is the shorter stacking height of lamellae in the former, which is translates 
to larger angle of rotation between adjacent chitin-protein layers (Hadley 1986; Raabe 
et al. 2005). In general, the overall thickness of the endocuticle is also greater than 
that of the exocuticle (Cheng et al. 2011). 
 
In addition to the chitin and protein material phases as discussed earlier, mineral salts 
in the form of nano-particles of amorphous calcium carbonate, amorphous calcium 
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phosphate or magnesium calcite are dispersed in the procuticle, constituting the third 
and only inorganic phase (Roer and Dillaman 1984; Raabe et al. 2006; Boßelmann et 
al. 2007). The mineral salts occupy the spaces among the chitin-protein fibres 
(Neville 1975). In contrast, insect cuticle does not have the inorganic salt phase 
(Currey et al. 1982; Roer and Dillaman 1984; Dalingwater and Mutvei 1993). 
Hepburn et al. (1975) proposed the roles of the three phases in terms of mechanical 
behaviour: (1) chitin fibres provide tensile strength, (2) mineral salt phase provides 
compressive strength and (3) protein matrix acts as the binding material for mineral 
salts, possibly providing pre-stress to the latter. Using a comparison between insect 
and crustacean cuticle, it has been found that calcium is key ingredient for structural 
stiffness and the absence of calcium in insect cuticle results in a more flexible and 
lightweight structure (Currey et al. 1982; Vincent 2001). 
 
Currey et al. (1982) was the first to investigate the effects of mineralization of the 
mantis shrimp cuticle. Energy-dispersive X-ray (EDX) analysis was used to obtain 
the distribution of elements in various sections of the dactyl heel cuticle, and 
microindentation tests were conducted to assess the local hardness at corresponding 
regions. It was found that calcium is the most abundant element, while phosphorus is 
present in higher proportions at regions of high hardness, i.e. surface layers of the 
cuticle at the dactyl heel. The conclusion that can be drawn from the results is that 
calcium phosphate is the dominant mineral phase in the exocuticle, contributing to the 
high hardness. It is also deduced that, based on the proportion of calcium and 
phosphorus present, the excess amount of calcium is in the form of calcium carbonate. 
Examination of the cuticle under scanning electron microscope revealed smoother 
fracture surfaces in the exocuticle, and rougher, more fibrous surfaces in the 
endocuticle. Furthermore, during the microindentation tests, fractures often occurred 
in the exocuticle region. Interestingly, cracks in the exocuticle do not propagate into 
the endocuticle region. These observations by Currey et al. (1982) imply that due to 
the higher mineralization, the exocuticle undergoes brittle fracture while the 
behaviour of the endocuticle is more ductile. The authors also suggested that for the 
telson, the exocuticle is thin while the more flexible endocuticle is thicker to allow for 
deformation of the telson while minimizing strain in the outer layer to prevent 
fracture. 
 
Chen et al. (2008) performed microindentation tests on procuticle section from the 
claw and walking leg of the sheep crab (Loxorhynchus grandis), using a Vickers 
indenter. The results indicate significantly higher hardness in the exocuticle region 
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for both types of specimens In addition, the claw specimens have consistently higher 
hardness than the leg specimens. Mineral content of the specimens was determined by 
heating at 400°C for 8 hours. The higher mineral content in the claw specimens 
indicate the correlation to an overall higher hardness of the procuticle. The results 
from Currey et al. (1982) and Chen et al. (2008) suggest that stiffness of cuticle can 
be controlled by the degree of mineralization. 
 
In a series of microindentation (Raabe et al. 2005) and nanoindentation (Sachs et al. 
2006; Fabritius et al. 2011) tests, the local hardness and corresponding reduced 
stiffness of the procuticle of the American lobster Homarus americanus were 
evaluated. All test specimens were obtained from the claw. Microindentation tests 
were performed on the cross-section of the procuticle using a Vickers indenter at 50 
µm intervals in the thickness direction (Raabe et al. 2005). The maximum applied 
load was 500 mN. The results revealed significantly lower stiffness at the endocuticle 
(3 - 4.5 GPa) compared to the exocuticle (8.5 - 9.5 GPa). Within the respective 
regions, the reduced stiffness is relatively constant. For the nanoindentation tests, 
specimens were obtained from three regions of the claw, in particular one of them 
was from a "tooth" (Sachs et al. 2006). The size of the Berkovich indenter tip 
permitted sampling points at closer intervals of 5 µm. The maximum load in this 
series of tests is 1 mN. It was determined that by incorporating a holding time of 20 s 
at the peak load allowed the specimen to relax and achieve a near equilibrium state, 
thus giving more reliable results. Results from the nanoindentation tests showed that 
the stiffness of exocuticle at the "tooth" (21.0 GPa in transverse direction) is more 
than twice than that from the other two regions (9.4 GPa and 8.6 GPa in transverse 
direction). As for the endocuticle, the stiffness at the "tooth" is 12.6 GPa while that of 
the other two regions are 7.4 GPa and 6.8 GPa. It is evident that the cuticle at the 
crushing region of the claw has increased stiffness, especially in the exocuticle where 
the difference between exo- and endocuticle is more pronounced. Interestingly, the 
thickness of the exocuticle in this region (>1 mm) is also more than five times 
compared to other regions of the claw (~200 µm). EDX was performed on the 
specimens after nanoindentation to assess the distribution of calcium at the exo- and 
endocuticle interface region. The calcium content is generally higher in the exocuticle 
region, and for the "tooth" specimen, there is a more distinct difference between exo- 
and endocuticle. From this series of studies, it is clear that the exocuticle is indeed 
stiffer than the endocuticle, and a higher overall stiffness of the cuticle can be 
achieved through thicker and higher mineral content of the exocuticle. To make the 
most of the spatial resolution of nanoindentation testing, Fabritius et al. (2011) 
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examined the variation of stiffness across the lamellae in both the exo- and 
endocuticle, where the height of each lamella are 10 µm and 30 µm respectively. It 
was determined that variation of stiffness within each region coincides with the 
spacing of alternating light and dark bands (Figure 2.6). The latter observation is due 
to the changing orientation of the chitin-protein fibre plies, i.e. the wavelength 
corresponds to the stacking height of the lamella. The true variation in stiffness across 
the thickness, due to the helicoidal configuration of the chitin-protein plies, can be 
seen in Figure 2.6(b). In Figure 2.6(a), however, the sinusoidal regression has a poor 
fit which could be due to the shorter stacking height of the lamellae in the exocuticle, 
such that the measured value at each sampling point is the average of a larger portion 
of the lamella. 
 
Milliron (2012) performed finite element analysis on the cuticle of the enlarged heel 
of the peacock mantis shrimp under impact loading and found that the alternating 
light and dark bands serve to minimise lateral deformation which effectively 
suppresses crack propagation. In addition, through visual correlations with a model 
comprising helicoidal arrangement of unidirectional layers of fibres, it was 
determined that the cracks tend to propagate in a helicoidal manner as well, thus 
resulting in a larger crack surface area and effectively dissipating more energy 
(Milliron, 2012). 
2.2.3 Pore Canal System 
Another feature of the cuticle is a system of parallel tubes that are oriented 
perpendicular to the plane of the cuticle and extend through the thickness of the 
cuticle (Neville et al. 1969; Roer and Dillaman 1984). The pore canal tubes are 
cytoplasmic extensions from epithelial cells that lie beneath the cuticle and contain 
calcium salts (Travis, 1963). They have an elliptical section with the longitudinal axis 
aligned to the chitin-protein fibre direction. Consequently, the tubes have a "twisted 
ribbon" appearance where the twist corresponds to the helicoidal orientation of the 
lamellae. Compere and Goffinet (1987) examined the pore canal system of the green 
crab Carcinus maenas and successfully captured the intricate structures using 
scanning electron microscopy. From the images, it is evident that the tubes are 
positioned between the chitin-protein fibres, causing the fibre layers to have "almond-
shaped" openings (Figure 2.7). Researchers have proposed two functions of the pore 
canal tubes: (1) transport of materials during molting (Neville 1975; Compere and 
Goffinet 1987) and (2) out-of-plane reinforcement to improve mechanical properties 
of the cuticle (Chen et al. 2008). Chen et al. (2008) observed that the pore canal tubes 
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fail in a ductile manner (necking) under tension, which implies that the presence of 
the tubes not only contribute to the out-of-plane stiffness of the cuticle, but also 
fracture toughness in the same direction. 
 
2.2.4 Effects of Hydration 
Water has been noted to play a major role in the mechanical properties of cuticle. 
Vincent and Hillerton (1979) proposed that controlled dehydration is part of the 
process of stiffening and stabilising of insect cuticle. The presence of water prevents 
formation of secondary bonds between protein chains, thus resulting in lower 
stiffness. Although the observations were on insect cuticle, the same behaviour was 
also noted in crustacean cuticle. Joffe et al. (1975) compared the tensile response of 
hydrated and dehydrated prawn cuticle. The dehydrated cuticle has higher modulus 
and failure strength compared to the hydrated cuticle. However, the strain at failure 
for the dehydrated cuticle is slightly lower. In a similar study, Hepburn et al. (1975) 
used cuticle of the mud crab Scylla serrata instead. In this case, modulus of the 
dehydrated cuticle is higher, but the failure strength is lower than the hydrated cuticle. 
In the study on sheep crab by Chen et al. (2008), a comparison between hydrated and 
dehydrated specimens was also made. The conclusion obtained was that the hydrated 
specimens exhibited higher strength and toughness, although stiffness was higher in 
the dehydrated specimens. Post-testing analysis of the fracture surfaces also revealed 
differences in failure mechanisms between the hydrated and dehydrated specimens. In 
the former, the fracture surfaces were faceted, suggesting brittle behaviour; in the 
latter, the fracture surfaces were irregular and had distinctly more chitin-protein fibre 
pull-out, which is a more ductile behaviour. In view of the effects of water on the 
behaviour of the cuticle, the state of hydration of the specimen is critical to the results 
of mechanical tests. For instance, it was highlighted by Sachs et al. (2006) that 
dehydration would have occurred during specimen preparation and during the 
nanoindentation testing. 
 
2.2.5 Characteristics of the Cuticle 
To summarize, the cuticle is a hierarchical structure with several dominant factors 
that can affect its mechanical properties: 
 
1. Helicoidal arrangement of parallel chitin-protein fibres 
2. Through-thickness pore canal tubes 
3. Mineral content 
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4. Water content 
2.3	Sample	Preparation	
Besides the drop test conducted by Taylor and Patek (2010), there is no known 
publication on the mechanical behaviour of mantis shrimp telson. Thus, in this study, 
a series of ballistic and quasi-static loading experiments is performed on the telson of 
the smasher (peacock mantis shrimp). Seventeen smasher specimens are purchased 
from a local aquarium supplier (Coralfarm Aquaristic Pte Ltd, Singapore), with 
carapace length in the range of 19.3 mm to 35.0 mm. For reference, the carapace of 
the thunder crab Myomenippe hardwickii (Figure 2.8A) and the telson of the spearer 
Harpiosquilla raphidea (Figure 2.8B) are also tested. Crabs are known for their hard 
cuticle and have been studied for their mechanical properties (Hepburn et al., 1975; 
Chen et al., 2008). Caldwell and Dingle (1976) have observed that smashers prey on 
crabs within their habitat, and the crab uses its carapace as the critical protective 
structure. In this study, the thunder crab is chosen for its similar size compared to the 
peacock mantis shrimp. Sixteen crab specimens are obtained from the field, with 
carapace width ranging from 22.8 mm to 58.0 mm. In addition, fourteen spearer 
specimens, with carapace lengths in the range of 42.97 mm to 52.77 mm, were also 
subjected to the mechanical tests to provide insight to the differences between the two 
types of mantis shrimps. As the available spearer species from the field or local 
aquarium suppliers are too small for testing, the spearer specimens were purchased 
from a seafood supplier (Unique Seafood Market, Singapore). 
 
The sample preparation procedures for the smasher and spearer specimens are 
identical. The telson and last abdominal segment of each freshly anaesthetised and 
expired mantis shrimp are cut with a scalpel blade and mounted in paraffin wax with 
the dorsal surface exposed. The last abdominal segment is left attached to the telson 
as the joint between the two segments is covered by the former, such that the telson 
cannot be removed without any damage. As for the crab specimens, the claws and 
walking legs of each freshly anaesthetized and expired thunder crab are removed, and 
the remaining body is mounted in paraffin wax with the carapace exposed. The 
mounted specimens are shown in Figure 2.9. The purpose of mounting the specimens 
in paraffin wax is to stabilise the specimen and provide a flat mounting surface for the 
experimental setup. During specimen mounting, care is taken to ensure that the 
specimen is lying flat in the casting mould before wax is poured at the side to cover 
the sides of the specimen. This ensures minimal interference of the paraffin wax in 




2.4.1 Ballistic Test Procedure 
The ballistic test is designed to simulate the strike of a peacock mantis shrimp, which 
has been reported to be more than 20 m/s (Patek et al. 2004). This is achieved by 
launching a spherical steel projectile from a small gas gun using compressed air. 
Figure 2.10 shows the schematic of the experimental setup. Within the collection of 
peacock mantis shrimps used in this study, the bulbous heels of the raptorial 
appendage have an average radius of curvature of 2 mm at the region of impact. 
Therefore, the projectile used in the experiment is a 4 mm diameter steel sphere (SLS 
Bearings (S) Pte Ltd, Singapore), with a mass of 0.26 g. The incident velocity of the 
projectile is measured using light gates positioned between the gas gun and the target. 
The specimens are mounted on a fixed rigid steel mounting stage. For both smasher 
and spearer specimens, the projectile is aimed at the medial carina of the telson 
whereas for the crab specimens, it is aimed at the centre of the carapace. The 
direction of the projectile is normal to the dorsal plane for all specimens. 
 
Due to the limited number of specimens available (ten smashers and ten spearers), a 
true test for ballistic limit cannot be performed. Instead, each specimen is subjected to 
a series of impacts of increasing striking velocity until it shows signs of damage (i.e. 
visible cracks can be observed). Control of the projectile velocity is achieved through 
step-wise increments of gas pressure. The initial gas pressure is 0.5 bar, with 
subsequent increments of 0.5 bar. The velocity at which damage is observed is 
referred to as the critical projectile velocity. Once damage is detected, testing is 
stopped and the cuticle is sectioned at the damaged site using a diamond wafering 
saw (Struers Minitom; Struers, Copenhagen, Denmark). The cross-section of the 
damaged region is then examined under an optical microscope (Zeiss Axiotech; Zeiss, 
Oberkochen, Germany) for differences in microstructure, modes of damage and 
thickness of cuticle. Imaging and measurements of the cuticle are performed using 
Zeiss AxioVision imaging software (Zeiss, Oberkochen, Germany). Therefore, unlike 
conventional ballistic testing that were designed to determine ballistic limit, the 
current ballistic experiments serve to provide a qualitative assessment of fracture 
toughness under repeated impact, though with increasing intensity. 
 
Initial trials revealed that for the spearer specimens, no damage was detected for 
projectile velocities of up to 25 m/s, which was the limit of the setup for the 4mm 
diameter projectile. This higher strength observed in spearer specimens compared to 
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smasher specimens may be attributed to its thicker cuticle (by a factor of ~4). 
Consequently, a larger projectile of diameter 6.35 mm (mass of 1.05 g) is required for 
the spearer specimens. Since a different projectile is used for the spearer specimens, 
the conventional method of evaluating test results in terms of projectile velocity 
cannot be applied. Instead, test results for all specimens are assessed in terms of the 
kinetic energy of the projectile at critical velocity. 
 
2.4.2 Ballistic Test Results 
Figure 2.11 shows the critical projectile kinetic energy for each specimen plotted 
against the respective specimen cuticle thickness. There is a positive correlation of 
the critical kinetic energy of the projectile with the thickness of the cuticle. Figure 
2.12 shows the average critical kinetic energy for the three species. In terms of the 
critical kinetic energy, the spearer (0.168±0.0260 J) has significantly better 
performance than the smasher (0.0483±0.0260 J), with the worst being the crab 
(0.0242±0.00724 J). 
 
However, it should be noted that the thickness of the cuticle is different for all three 
species. The average thickness of cuticle is 0.269 mm, 0.985 mm and 0.496 mm for 
the smasher, spearer and crab specimens respectively. Therefore, the critical kinetic 
energy of the projectile is normalised against the cuticle thickness for each specimen 
for a better comparison. The normalised kinetic energies are 191±59.5 J/m, 172±26.5 
J/m and 48.8±8.63 J/m for the smasher, spearer and crab specimens respectively 
(Figure 2.13). It is evident that given the same cuticle thickness, the smasher and 
spearer would have comparable ballistic performance. The performance of the crab 
specimen is still the poorest of the three species. 
 
In order to account for the series of impacts sustained until damage occurs, the 
projectile kinetic energy for every shot is summed up for each specimen. The total 
kinetic energy is then normalised against the cuticle thickness of the respective 
specimen (Figure 2.14). The normalised total kinetic energies are 1790±871 J/m, 
574±153 J/m and 167±68.5 J/m for smasher, spearer and crab specimens respectively. 
This indicates that the smasher specimen is relatively tougher than the other two 
specimens. In terms of relative toughness, the crab specimen is also the weakest. 
 
Figure 2.16 presents the close-ups of the damaged specimens. Inspection of the 
damaged regions reveals that the smasher and spearer specimens sustain different 
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modes of damage compared to the crab specimens. For both smasher and spearer 
specimens, localized fracture at the site of impact occurs in most specimens, which is 
visible in the form of yellow streaks and general discoloration in the area (Figure 
2.16A and C). The presence of such localised microcracks indicates that the cuticle 
has high apparent fracture toughness, and hence is able to prevent long range crack 
growth. In the remaining few smasher and spearer specimens, a transverse crack is 
typically observed to propagate from the peak of the medial carina to the base, with 
longitudinal crack branching out near the base (Figure 2.16B and D). This means that 
the ridges on the telson help to resist lateral crack propagation. Such occurrences of 
longitudinal fracture along the base of the central carina are detected once the central 
carina is able to flex laterally about its base. It should be noted that the central carina 
of an intact specimen is rigid and difficult to flex by hand. Similar longitudinal 
fracture along the base of the central carina was previously reported by Taylor and 
Patek (2010) in their impact experiments albeit on another smasher species. Crack 
initiation at the base of the central carina can be attributed to either flexure of the 
carina under slightly asymmetric loading during impact, or stress concentration 
during structural deformation of the telson. The latter can be verified through 
computational modelling of the telson which will be discussed later in Section 2.5.2.1. 
As for the crab specimens, the cracks which develop at the site of impact propagate to 
the edge of the carapace (Figure 2.15F), showing brittle behaviour of the cuticle. 
Hence, in contrast to the crab cuticle, the geometry of the mantis shrimp telson, 
particularly in the case of the smasher, aids in the arrest of crack propagation. 
Another common mode of damage for the crab specimens is delamination that occurs 
on the surface at the point of impact which exposes the endocuticle (Figure 2.15E). 
This highlights the relatively weak interface between the exo- and endocuticle of the 
crab. 
 
In summary, despite the experimental limitations that did not allow for a proper 
evaluation of fracture toughness and ballistic limit, the results show that the smasher 
telson has a relatively ductile behaviour and fracture toughness is improved with the 
presence of crack arresting features in the geometry. For ease of reference, the 
aforementioned results are summarised in Table 2.1. Based on this table, the crab 
cuticle has relatively poor impact resistance compared to the other two specimens. In 
terms of the critical and total kinetic energies, the spearer specimens performed much 
better. However, after taking into consideration the thickness of the cuticle, the 
performance of the spearer is on par, if not slightly poorer than the smasher. While 
the significantly higher normalised total kinetic energy for the smasher cannot be 
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used for a direct comparison with the spearer (given the different geometry of their 
telsons), it does highlight from a qualitative viewpoint the excellent fracture 
toughness of the smasher cuticle. It should also be noted that this normalized total 
kinetic energy for the smasher is higher than that inferred from Taylor and Patek’s 
(2010) study. In their series of drop experiments, the impact energy is ~0.0014 J per 
drop. Given that each specimen with an average cuticle thickness of 0.43 mm had 
been subjected to either 10 or 100 drops, the normalised total kinetic energy is 
therefore ~33 J/m or ~330 J/m respectively. Since no damage was observed in the 
telson cuticle for all specimens in Taylor and Patek’s (2010) study, it is reasonable 
that the normalized total kinetic energy obtained in the current study is higher 
because all smasher specimens were impacted to damage. 
2.5	Quasi‐Static	Tests	
2.5.1 Quasi-Static Test Procedure 
The purpose of conducting quasi-static loading experiments is to evaluate the 
structural stiffness of the mantis shrimp (smasher and spearer) telson and the crab 
carapace. This series of experiments is designed to provide an equivalent loading 
condition as the ballistic test. The same 4 mm diameter steel sphere used in the 
ballistic tests is mounted on one end of a steel rod 13 mm in diameter which will 
deliver a concentrated load onto the specimens in an electromechanical microtester 
(Microtester, Instron, Norwood, MA, United States). A blind hole, 3.5 mm in 
diameter, is pre-drilled at the end of the rod for the positioning of the steel sphere. 
Epoxy adhesive (Araldite Rapid, Huntsman Advanced Materials, Singapore) is used 
to hold the steel sphere in place and eliminate lateral displacement during loading. 
The bespoke indenter is chosen over conventional setups also because of the 
geometry of the crab specimen. A flat platen would not be able to apply a 
concentrated load on the surface of the crab carapace. All specimens are mounted on 
a 50 mm diameter by 10 mm thick aluminium base. Similar to the ballistic test, the 
indenter is positioned at the central carina (Figure 2.16) and centre of the carapace, 
for the mantis shrimp (smasher and spearer) and crab specimens respectively. The 
displacement rate of the indenter is set at 1 mm/min, with no pre-load on the 
specimen. All specimens are loaded to failure which is indicated by a drop in the load 




2.5.2 Quasi-Static Test Results 
The typical load-displacement relationships for the three species are plotted in Figure 
2.17.  From this figure, it can be observed that all specimens exhibit a bilinear 
response curve. For displacements above 1 mm, the smasher telson has a more 
compliant behaviour than the initial response. Unlike the smasher, the spearer and 
crab specimens attain peak load in the first linear phase while in the second phase, 
there is no increase in load with further deformation until failure. This suggests that 
the geometry of the smasher telson takes on a different load bearing mechanism in the 
second phase, allowing the load bearing capacity of the structure to further increase 
before failure occurs. In addition to higher force, the smasher specimens generally 
exhibit higher structural stiffness than the other two specimens. This suggests that in 
the case of the telson, high impact resistance is achieved without compromising 
structural stiffness. 
 
2.5.2.1 Computational Model of the Telson under Quasi-Static Loading 
Results of the ballistic and quasi-static experiments show that the smasher telson has 
promising structural properties in terms of toughness and load bearing capability. 
These characteristics may be attributed to its geometry, which warrants further 
investigation of the response of the profile of the telson under loading. In this section, 
a 2-D computational analysis of the smasher telson is carried out using 
ABAQUS/Standard 6.10. The smasher telson is first sectioned using a diamond 
wafering saw (Struers Minitom). The 2-D model is subsequently traced from the 
photographic image of the cross-section using a computer modelling software 
(Autodesk Inventor 10). Half of the section is traced and mirrored to produce a 
complete model, simulating symmetric specimens. Figure 2.18 shows the 
superposition of the source image and derived model. An isotropic, linear elastic 
material with an elastic modulus of 5 GPa and Poisson’s ratio of 0.3 is assumed for 
the model, which is meshed using 8-node plane stress elements with reduced 
integration (CPS8R). This stiffness is the average value measured from the 
nanoindentation of the central carina of the telson from a smasher specimen. Details 
of the nanoindentation tests performed will be discussed later in Section 2.6. 
 
Similar to the quasi-static load tests, the simulation is performed by applying a 
downward displacement of 2.5 mm at the node at the peak of the medial carina. The 
base of the model is constrained as shown in Figure 2.19. Figure 2.20 compares the 
load-displacement curves obtained from the simulation and quasi-static load 
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experiment. Similar to the experimental result, the model response is approximately 
bilinear. However, the peak load predicted by the model is generally lower. This may 
be attributed to the plane stress assumption in the model which differs from the actual 
smasher telson, where the cross-sectional area progressively decreases in the posterior 
direction. 
 
The mesh of the telson and the deformed shape after loading are shown in Figure 2.21. 
Initially, the medial carina and the adjacent ridges have the least deformation; 
deformation mainly occurs in the lateral region. Upon further deflection of the medial 
carina, the dorsal surface of the telson comes into contact with the ventral surface. 
After internal contact is made, deformation in the medial folds becomes more 
pronounced and stress concentration occurs in the ridges. It appears that the series of 
two folds at each side of the telson reduces stress concentration when the telson is 
compressed. This is evident from the negligible deformation of the folds despite the 
large deflection of the apex (see Figure 2.21). Sequential snapshots from the 
computational simulations of the telson as it is compressed as shown in Figure 2.22 
provide information on the role of its folded structure. The telson essentially acts like 
a leaf spring, with the lateral regions flexing to accommodate large deformations and 
consequently dissipate impact energy. This highlights the flexibility of the telson 
structure. The denser folds at the medial region improve rigidity to support the apex 
which is the primary point of impact. As verified in the static load tests, the lateral 
dorsal surfaces were found to bottom out first before evident deformations occur in 
the medial region. The geometry of the telson allows large deflection at the apex 
without having regions of high stress. This is reasonable since the tissue in the telson 
is located at the centre. The ability to undergo large deflection coupled with the 
presence of hemolymph, which provides hydrostatic pressure, is a mechanism for 
dissipation of impact energy. Such behaviour is in agreement with the findings of 
Taylor and Patek (2010) that the telson has a dissipative response to impact. The 
maximum von Mises stress (~184 MPa) occurs on the external surface at a concave 
bend, as shown in Figure 2.23. This region of maximum (compressive) stress 
coincides with actual damage sites observed in telson specimens from both ballistic 
and static load tests. The peak stress observed in the current model is higher than the 
measured compressive strengths of crustacean cuticle typically reported in literature. 
For example, Chen et al. (2008) reported that the compressive strength of sheep crab 
cuticle is 101±11 MPa, and Sachs et al. (2008) measured the compressive strength of 
lobster cuticle to be 124.7±53.8 MPa. The higher peak stress observed in the current 
model is due to the assumption of perfectly elastic behaviour without failure criteria 
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such that stress magnitudes are not limited. Therefore in terms of stress analysis, the 
purpose of the telson model is to provide a qualitative assessment of regions of stress 
concentration. 
 
In summary, the quasi-static loading tests performed on smasher, spearer and crab 
specimens showed that the smasher specimens typically exhibit the highest strength 
and stiffness. The 2-D isotropic, elastic model introduced in this section was shown to 
account reasonably well for the deformation of the telson profile under compression 
loading. Despite the simplicity of the model, it is able to highlight possible regions of 
stress concentration where damage has been observed in the ballistic and quasi-static 
loading experiments. The model also highlights the flexibility of the telson cuticle 
which reaffirms its potential as a blueprint for flexible armour design. 
 
2.6	Nanoindentation	Tests	
2.6.1 Sample Preparation for Nanoindentation Test 
As stated before, nanoindentation tests were conducted on the smasher telson to 
establish its elastic modulus variation across the thickness of the cuticle. As the 
lamellae thickness in the telson cuticle can be as thin as 1 μm, nanoindentation is 
required to provide the resolution necessary to elucidate the variation of elastic 
modulus across the thickness of the cuticle. Nanoindentation tests are performed at 
both the surface and cross-section of the medial carina. Two smasher specimens are 
used for this series of tests, with carapace lengths of 32.40 mm and 30.00 mm. The 
medial carina is cut from the telson using a scalpel blade and subsequently embedded 
in polyester cold mounting resin (Amet Co-cast, Microactive Scientific (S) Pte Ltd, 
Singapore) using 25 mm diameter silicone moulds. Prior to the nanoindentation test, 
surface preparation of the specimens is performed using Metkon Digiprep 251 
(Metkon, Bursa, Turkey) to minimise surface roughness. Table 2.2 summarises the 
surface preparation procedure. 
 
2.6.2 Nanoindentation Test Procedure 
The nanoindentation tests are performed using the MTS Nanoindenter XP (MTS 
Systems Corporation, USA) with a Berkovich diamond indenter tip. Loading is 
applied with a strain rate target of 0.05 s-1. The maximum depth of the indentation is 
400 nm, with a holding time of 10 s before unloading. On the indentation site of the 
surface specimens, a linear pattern of 10 points is placed along the apex of the medial 
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carina at equal spacing of 100 μm. For the cross-section specimens, 5 points are 
placed in the exocuticle region while 45 points are placed in the endocuticle region, 
alternating between the light and dark bands (Figure 2.24). This is to evaluate the 
differences between the light and dark bands observed in the cross-section, which 
indicates different orientation of the chitin-protein fibre layers.  
 
The reduced elastic modulus is calculated using the Oliver-Pharr method (Oliver and 
Pharr 1992), which is integrated in the software of the nanoindenter. Figure 2.25 
shows a typical load-displacement curve from a single indentation in the current 
experiments. The contact stiffness ( S ) is defined as the gradient of the curve at the 
start of unloading. The reduced modulus ( rE ) is calculated using Equation 2.2. 
    
max2 A
SEr
    [2.2] 
Where: 
maxA = Projected contact area between indenter tip and sample at maximum 
load. 
 
The elastic modulus ( E ) is then calculated from the reduced modulus using 
Equation 2.3. Nikolov et al. (2010) determined the Poisson’s ratio of the cuticle based 
on quantum mechanical ab-initio calculations with homogenization methods at higher 
hierarchical levels. The predicted value of 0.3 for the Poisson’s ratio of bulk cuticle is 
independent of mineral content and is therefore applicable to the current study. 
     21  rEE    [2.3] 
Where: 
  = Poisson’s ratio.  
 
2.6.3 Nanoindentation Test Results 
The elastic modulus corresponding to different layers within the smasher telson is 
plotted in Figure 2.26. The surface modulus provides an indication of the out-of-plane 
stiffness of the epicuticle layer (Figure 2.27), since the indentation depth of 400 nm is 
approximately 5% of the overall thickness of layer. The exocuticle has significantly 
higher stiffness than the other regions that are tested. Due to the thin lamellae in the 
exocuticle, regions of light and dark bands could not be tested in separate indents. 
Therefore the measured modulus for the exocuticle reflects the average of the in-
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plane stiffness of the region. Compared to the exocuticle, the elastic modulus of the 
endocuticle is evidently lower. Difference in stiffness between the exocuticle and 
endocuticle may be attributed to the higher mineral content in the former (to be 
further discussed in the following Section 2.7). Within the endocuticle, the light 
bands have a higher stiffness than the dark bands. Intuitively, the measured stiffness 
should be dependent on the orientation of the unidirectional chitin-protein layers with 
respect to the direction of indentation; the longitudinal direction of the fibre should 
correspond to the highest stiffness. Given that the optical micrograph shows a smooth 
transition from light to dark and vice-versa (see Figure 2.24) which is typical of a 
helicoidal structure, there is a high possibility that the measured stiffness of the light 
band corresponds to the longitudinal stiffness of the unidirectional chitin-protein 
layer in the smasher telson. A verification of the stacking configuration is thus 
performed using SEM imaging. 
 
2.7	SEM	Imaging	
2.7.1 Sample Preparation for SEM Imaging 
Specimens for SEM imaging are obtained from the medial carina of a smasher telson. 
In order to examine the microstructure of the cuticle, a transverse fracture surface is 
made by splitting the medial carina using forceps to expose the cross-section. The 
fractured surface is then sputter coated with gold for 3 min prior to observation using 
SEM microscope (JSM-5600, JEOL, Tokyo, Japan). In addition, EDX analysis is also 
performed on the specimen at both exo- and endocuticle regions. 
 
2.7.2 SEM Images 
A comparison between the microstructure of the exocuticle and the endocuticle is 
shown in Figure 2.28. In Figure 2.28A, the periodic structure of the exocuticle can be 
seen. As highlighted by Currey et al. (1982), due to the higher mineral content in the 
exocuticle, the overall appearance is smoother and individual chitin-protein fibres 
cannot be distinguished. In contrast, the chitin-protein fibres in the endocuticle 
(Figure 2.28B) are clearly visible, such that the helicoidal orientation is also evident. 
 
Figure 2.29A shows an overview of the exo- and endocuticle regions of the cuticle. 
Compared to the relatively flat fracture surface of the exocuticle, the endocuticle has 
an irregular surface with a highly fibrous appearance. The exo- and endocuticle 
interface is also visible, suggesting that the interface may have lower fracture 
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toughness than the endocuticle. A close-up of the lamellae in the exocuticle is shown 
in Figure 2.29B. Unlike the endocuticle, pore canal fibres are not observed in the 
exocuticle. Figure 2.29C highlights the pore canal fibre pull-out in the endocuticle 
due to the fracture. The pore canal fibres are parallel to the normal of the cuticle plane 
but have been pulled out to the extent that the structure of the lamellae in the 
endocuticle is obscured. 
 
The EDX spectra from the exocuticle and endocuticle of the smasher telson are 
plotted in Figure 2.30. Other than carbon (C) and oxygen (O), other elements that are 
present are sodium (Na), magnesium (Mg), phosphorus (P) and calcium (Ca). The 
higher relative counts of calcium (Ca) and phosphorus (P) in the exocuticle indicate a 
higher mineral content in the region. This explains the higher elastic modulus 
previously measured for the exocuticle (Section 2.6.3). 
 
2.8	Summary	of	Results	
In this chapter, results of ballistic and quasi-static loading tests on the telson of the 
smasher are presented, with comparison against the telson of the spearer and carapace 
of the thunder crab. Based on the ballistic tests, the telson of the smasher is shown to 
absorb more impact energy after taking into consideration the cuticle thickness. From 
the quasi-static tests, the telson of the smasher also shows significantly higher 
structural stiffness and load bearing capacity.  
 
Further investigation into the microstructure using nano-indentation reveals 
significantly higher stiffness in the exocuticle region compared to the endocuticle. 
Within the endocuticle, it is established that the light bands have higher stiffness 
relative to the dark bands, which suggests that the former correspond to regions 
where the chitin fibres are oriented normal to the section plane and the latter regions 
where the chitin fibres are parallel to the section plane. 
 
SEM images of cross-sections of the smasher telson reveal continuous change in 
chitin fibre orientation across the thickness of the cuticle, thus verifying the helicoidal 
configuration as reported in literature. Comparison of EDX spectra from the 
exocuticle and endocuticle regions of the smasher telson indicates a higher mineral 
content in the former. Coupled with the nano-indentation results, the presence of 




Table 2.1: Summary of results for ballistic experiment. 
Specimen 





Normalised Total  
Kinetic Energy (J/m) 
Smasher  0.0483 ± 0.0130  191 ± 59.5   1790 ± 871  
Spearer  0.168 ± 0.0260  172 ± 26.5   574 ± 153  
Crab  0.0242 ± 0.00724  48.8 ± 8.63   167 ± 68.5  
 
Table 2.2: Surface preparation steps for nanoindentation specimens. 






1 P600 18 200 Until plane 
2 P1200 18 200 30 
3 P2400 18 200 30 




6 μm silica 
1 μm silica 














Figure 2.1: Striking force with corresponding distance of heel from force sensor in a 





Figure 2.2: (A) Side profile of a peacock mantis shrimp, with telson highlighted. (B) 
Dorsal view of the telson. Note the lateral symmetry of the structure, with the medial 
carina being the most protruding feature. 
 
 
Figure 2.3: Hierarchical structure of crustacean cuticle, based on the American lobster 
Homarus americanus (Sachs et al., 2006). 
 
 
Figure 2.4: Oblique section of a helicoidal laminate. Black lines represent fibre 
orientation in each ply. (A) Close-up of a lamella. (B) Stack of three lamellae 





Figure 2.5: Layout of sub-layers in a crustacean cuticle. 
 
 
Figure 2.6: Variations of hardness and reduced stiffness of (A) exocuticle and (B) 
endocuticle from nanoindentation tests. Modified from Fabritius et al. (2011). 
 
 
Figure 2.7: SEM image of an oblique fracture surface of the cuticle. Pore canal 





Figure 2.8: Images of (A) Myomenippe hardwickii and (B) Harpiosquilla raphidea. 
 
 





Figure 2.10: Schematic of ballistic experiment setup. 
 
 






Figure 2.12: Average critical projectile kinetic energy from ballistic tests. Error bars 
denote standard deviation. 
 
 
Figure 2.13: Average critical projectile kinetic energy from ballistic tests normalised 





Figure 2.14: Average of the total projectile kinetic energy from ballistic tests 





Figure 2.15: Modes of damage observed in ballistic test specimens. (A) Localised 
cracks at point of impact (smasher). (B) Transverse crack propagating down to base 
of medial carina with longitudinal crack branching from it (smasher). (C) Localised 
cracks at point of impact (spearer). (D) Transverse crack propagating down to base of 
medial carina with longitudinal crack branching from it (spearer). (E) Delamination 
of cuticle, exposing endocuticle (crab). (F) Transverse crack propagating to the edge 





Figure 2.16: Quasi-static experimental setup. 
 
 





Figure 2.18: Cross-section of the smasher telson. 
 
 
Figure 2.19: Boundary conditions used in telson model. 
 
 









Figure 2.22: Time steps of deformation. (A) Original structure. (B) Both sides start 
deflecting. (C) Sides contact bottom, medial carinae continue deflecting. (D) Final 
configuration of deformed telson. 
 
 
Figure 2.23: Deformed model of telson. Region of maximum stress highlighted 


















Figure 2.27: Optical micrograph of the cross-section of the smasher telson showing 





Figure 2.28: SEM images of (A) exocuticle and (B) endocuticle of the smasher telson. 





Figure 2.29: SEM images of (A) exo- and endocuticle interface region, (B) close-up 
of lamellae in the exocuticle and (C) pore canal fibre pull-out in the endocuticle. 


























In the previous chapter, the experimental investigations into the mechanical 
performance of the smasher telson have been presented. Under ballistic and quasi-
static loading, the smasher telson demonstrated a combination of strength, ductility 
and fracture toughness, which is ideal as a reference system for the development of a 
strong and flexible armour system. It is also established through SEM imaging that 
the stacking arrangement of the chitin-protein layers follows the helicoidal 
configuration. Therefore, the helicoidal configuration is adopted as the basic structure 
of the bio-inspired composite system proposed in the current study. 
 
The helicoidal ply stacking sequence is antisymmetric, i.e. for every ply with 
orientation of +θ above the mid-plane, there is an identical ply with orientation of -θ 
at the same distance below the mid-plane (Reddy 2003; Gibson 2011). In this case, 
with reference from the Classical Laminate Theory, the strain-curvature coupling 
stiffness matrix B would be non-zero. Therefore, as the laminate undergoes in-plane 
contraction during cooling from the high curing temperature to room temperature, 
resulting out-of-plane bending moments cause the laminate to warp (Gay et al. 2002; 
Gibson 2011). The net shape of the laminate would be different from the mould 
design. Hence, antisymmetric laminates are generally avoided in structural 
applications. Perhaps for the same reason, previous studies on helicoidal composite 
systems have been few.  
 
Apichattrabrut and Ravi-Chandar (2006) applied the helicoidal configuration to 
carbon-epoxy composites. The laminates were fabricated from 40 plies of 
unidirectional carbon fibre prepreg; comprising two helicoidal stacks (19 plies each) 
mirrored about the mid-plane and two 0° plies in the middle. The mid-plane 
symmetry was imposed to eliminate warping in the specimens. For comparison, 
unidirectional and cross-ply (±45°) specimens were fabricated. Quasi-static plate 
bending tests and ballistic tests were performed. In the quasi-static plate bending 
experiment, a clamped circular (254 mm diameter) boundary condition was imposed. 
Load was applied using a spherical punch (12.7 mm diameter) in the centre at a rate 
of 2.54 mm/min. Results from the quasi-static test are shown in Figure 3.1. It was 
determined that the symmetric helicoidal specimen failed at approximately double the 
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load compared to the ±45° cross-ply. The unidirectional specimens had the poorest 
performance in terms of stiffness and peak load. The ±45° specimen exhibited an 
unstable regime where the load bearing capacity plateaued before failure. At failure, a 
crack on the bottom face propagated to the circumference of the boundary along the 
fibre direction of the bottom ply, splitting the specimen into two halves. In contrast, 
the symmetric helicoidal specimen exhibited a linear load-displacement response 
until catastrophic failure, where a crack on the bottom face propagated along the fibre 
direction of the bottom ply to the circumference. It was noted that in the case of the 
symmetric helicoidal specimen, cracking sounds were heard throughout the loading 
process. This indicates an early onset of damage in the loading process. The 
catastrophic failure of the specimens also suggests a sudden onset of significant fibre 
failure. However, the continuous increase in load implies that damage is limited to 
intra- and interlaminar matrix failure. An interesting aspect of the quasi-static tests 
that was not highlighted by the authors was that the initial stiffness for the ±45° cross-
ply and symmetric helicoidal specimens are approximately the same. This can be 
attributed to the use of a circular clamped boundary condition, such that the primary 
mode of deformation in the specimens is in-plane tension instead of out-of-plane 
bending. Therefore the initial stiffness is governed by the in-plane tensile properties 
of each ply, resulting in negligible effect of ply stacking sequence. 
 
For the ballistic experiment, the specimens were simply hung by a string with no 
other constraints. The projectile was in the form of a polycarbonate rod 50.8 mm in 
diameter and 101.6 mm in length, with a blunted solid conical steel tip. A constant 
impact velocity of 55 m/s was used for all test specimens, which corresponds to a 
kinetic energy of 732 J. For the ±45° cross-ply specimen, the projectile penetrated the 
target by half its length and delamination occurred at every layer. In the case of the 
symmetric helicoidal specimen, there was no penetration but localised damage was 
found on both front and back faces coincident with the point of impact. In addition, 
delamination of interior layers was observed after sectioning of the damaged 
specimen. Based on the extent of penetration of the projectile, Apichattrabrut and 
Ravi-Chandar (2006) showed that the symmetric helicoidal configuration has better 
impact resistance than the ±45° cross-ply, which translates to a higher ballistic limit. 
Although the true antisymmetric helicoidal configuration was not applied in their 





In a separate study, Cheng et al. (2011) investigated the performance of laminates 
with helicoidal configurations with inspiration from the cuticle of the American 
lobster (Homarus americanus) and Atlantic blue crab (Callinectes sapidus). A series 
of three-point beam bending tests were performed, i.e. long beam test (ASTM D790) 
and short beam test (ASTM D2344), on 24-ply glass-epoxy specimens with the 
following configurations: 
 Baseline – [0°/-45°/45°/90°]3s 
 Single helicoidal – [0°/7.8°/…/180°] 
 Double helicoidal – [0°/16.4°/…/180°]s 
 Single helicoidal mid-plane symmetric – [0°/7.8°/…/85.8°]s 
 
It should be noted that among the four configurations, the “single helicoidal” was the 
only anti-symmetric configuration. Mid-plane symmetry was imposed on the double 
helicoidal configuration. As for the single helicoidal mid-plane symmetric 
configuration, continuous ply rotation is only up to 85.8°. From the experiments by 
Cheng et al. (2011), the flexural stiffness and strength, as well as transverse shear 
stiffness and strength were determined. The differences in flexural strengths for all 
configurations were marginal. The key difference was in the post-failure behaviour of 
the specimens. Except for the single helicoidal specimens, there was no significant 
increase in load after the load drop. In the case of the single helicoidal specimens, 
however, the load dropped by less than 10% and upon further displacement, the peak 
load was exceeded. This clearly highlights the damage resistance of the single 
helicoidal configuration. The series of three-point beam bending tests reported by 
Cheng et al. (2011) suggests that differences in ply stacking sequence may be less 
significant due to the 2-D beam geometry. Since the longitudinal direction is 
dominant, coupled with the fact that the 0° plies are also the top and bottom plies for 
all cases, the different orientations of the intermediate plies have less of an effect on 
the overall stiffness and strength of the beam. The significant finding of the study by 
Cheng et al. (2011) was the advantage of the helicoidal configuration in terms of 
residual strength. (Tao and Sun 1998) investigated the interlaminar fracture behaviour 
and toughness of laminates at the 0°/ θ interface where θ = 30°, 45°, 60° and 90°. The 
specimens were subjected to Mode II dominant loading using an experimental setup 
based on the end-notch-flexure test (ENF). It was observed that the Mode II 
interlaminar fracture toughness decreases as θ increases from 0° to 90°. Since beams 
and plates in out-of-plane bending undergo Mode II loading, this indicates that in the 
study by Cheng et al. (2011), the advantage of the single helicoidal specimens in 
terms of residual strength may be attributed to the smaller angle of rotation between 
adjacent plies. The same reasoning can also be applied to the single helicoidal mid-
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plane symmetric specimens, which had the second highest residual strength. Hence, it 
can also be deduced that in using a true helicoidal configuration, as opposed to 
imposing a mid-plane symmetry, damage resistance is optimised. 
 
Based on the aforementioned studies, the characteristics of true anti-symmetric 
helicoidal configurations have not been evaluated thoroughly. Cheng et al. (2011) 
was the only study to evaluate such a configuration, but there was no variation for a 
better understanding of the behaviour. A proper evaluation of the performance of the 
helicoidal configuration requires specimens of different number of plies and 
consequently different ply rotation angles. The number of chitin-protein fibre plies in 
the cuticle of the mantis shrimp has an order of magnitude of tens of thousands, 
which results in a very small angle of rotation between adjacent plies. Therefore the 
effects of ply rotation angle still require a thorough investigation in order to optimize 
the potentials of the helicoidal configuration. Furthermore, in the aforementioned 
studies, damage mechanisms were postulated based on visual inspection of post-test 
specimens but no specific evidence was given. 
 
In the current study, the behaviour of composite laminates with helicoidal 
configurations under quasi-static and ballistic loading is examined. Micro-CT scans 




In order to characterize the bio-inspired composite system proposed in the current 
study without introducing more uncertainty, it is important to utilize commonly used 
engineering materials for composites. It is evident that the helicoidal structure can be 
implemented with unidirectional layers of continuous fibres of materials such as glass, 
carbon or aramid, embedded in a resin matrix. In the current study, the material used 
for the fabrication of specimens is unidirectional T700/2510 carbon-epoxy prepreg 
(CU-075, CGT International, Singapore). The physical properties of the material are 
summarised in Table 3.1. Due to a lack of information from the supplier, lamina 
mechanical properties of the material are obtained primarily through material 
characterisation tests (to be discussed in Section 3.5); while the remaining properties 




For all tests conducted, the same fabrication process is used. The prepreg roll (1 x 200 
m2) is stored in a designated freezer with temperature maintained at -20°C. Prior to 
usage, the roll is first taken out of storage and allowed to thaw to room temperature 
completely. This prevents condensation of moisture within the roll. Square pieces of 
dimension 100 mm by 100 mm are cut from the roll for the fabrication of laminates 
for the experiments. During the laying process, a hand-held roller is used to remove 
bubbles of trapped air before applying the next ply. After laying the pieces of prepreg 
according to the required configuration, the laminate is cured using an autoclave 
system (Thermal Equipment Corporation, USA). Figure 3.2 illustrates the vacuum 
bag layup sequence. The autoclave is programmed with a cure cycle (Figure 3.3) 
according to manufacturer recommendation and vacuum is applied to the layup 
throughout the curing cycle. 
 
In the current study, the performance of the helicoidal configuration is compared 
against the cross-ply configuration which is a balanced and symmetric layup 
configuration commonly used in the industry. This would also allow for a more direct 
comparison with literature, in particular the work by Apichattrabrut and Ravi-
Chandar (2006). It should be noted that the ±45/0/90 configuration is not used in the 
current study due to the reduced flexibility in the design of helicoidal configurations 
as the number of plies will be restricted to multiples of 4. The configurations used in 
the experiments are summarised in Table 3.2. Although the actual telson cuticle 
comprises tens of thousands of chitin-protein fiber layers, the laminate configurations 
are designed such that the laminates are composed of less than 40 layers in order to 
minimise uncertainty arising from fabrication defects. Taking reference from the 
work of Apichattrabrut and Ravi-Chandar (2006), the smallest ply rotation angle used 
is 10° (SH19 and DH37). This would also allow for the study of the effects of having 
more than one helicoidal stack. It should be noted that the helicoidal configurations 
are designed to have the same left-handed rotation as found in the smasher cuticle. 
Due to the mid-plane symmetry, all cross-ply specimens do not exhibit warping after 
the curing process. However, in the anti-symmetric helicoidal specimens, there are 
positive and negative out-of-plane bending moments oriented at +45° and -45° 
respectively, resulting in a "saddle" geometry (see Figure 3.4). The shapes of the 
helicoidal and cross-ply specimens are essentially different. However, tests are 
conducted on specimens trimmed to 100 mm in diameter and it is found that there is 
no difference in the response compared to the normal specimens. The results are 





Two sets of quasi-static plate bending experiments are performed to compare the 
behaviour of the helicoidal specimens against the cross-ply specimens. As mentioned 
previously, the geometry of the helicoidal specimens is non-planar. Therefore in the 
first set of tests, a four-point support where the Individual heights of the support 
points are adjustable for initial contact with the specimen. In the second set of 
experiments, a circular ring simple support boundary condition is used instead.  
 
3.3.1 Plate Bending with Four-point Support 
In this set of tests, support of the specimen is provided by four upright threaded rods 
(8 mm in diameter) positioned at the corners of a 60 mm by 60 mm square on the 
base plate. The tip of each threaded rod is ground to a hemispherical shape to provide 
a point contact with the specimen. The specimens are positioned such that the 
orientation of the top ply is parallel to the edge of the square. Loading is applied at 
the centre of the specimen using the hemispherical end of a rod (12 mm in diameter) 
attached to the upper crosshead of the mechanical tester (AG-25TB, Shimadzu, Kyoto, 
Japan). Figure 3.5 shows the experimental setup. The rate of displacement of the 
upper crosshead is set at 1 mm/min. Testing is terminated when the applied load 
drops by more than 40% of the maximum value. Five CP19 (cross-ply) and five SH19 
(helicoidal) specimens are tested in the four-point support plate bending experiments. 
 
Figure 3.6 shows the typical load-displacement relationships for the CP19 and SH19 
specimens from the quasi-static plate bending tests with four-point support. The CP19 
specimens have a significantly stiffer response of approximately 375 N/mm 
compared to the SH19 specimens where the initial linear stiffness is approximately 
110 N/mm. The CP19 specimens have a linear response until the first drop in load, 
which is followed by an unstable regime of damage accumulation until an abrupt 
failure occurs where the indenter tip penetrates the specimen completely (Figure 
3.7A). In addition, a through thickness crack is found to have propagated from the 
point of penetration towards both edges in the 0° direction.  
 
In contrast, the SH19 specimens behave linearly only for small displacements of the 
indenter (<3 mm). Subsequently, there is gradual reduction in stiffness of the 
specimen such that the load becomes almost constant. Peak load of the SH19 
specimens is 780±46 N, less than half of that for CP19 specimens at 2006±146 N. 
Testing is stopped at displacement of 40 mm for the SH19 specimens which are 
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folded in half and wedged between the supports (Figure 3.7B). The axis along which 
the specimen folded coincides with the fibre direction of the top and bottom plies. In 
the single helicoidal configuration, the middle plies are approximately orthogonal to 
the top and bottom plies, resulting in maximum out-of-plane bending stiffness in the 
90° direction and minimum stiffness in the 0° direction. Interestingly, there is no 
penetration of the SH19 specimens by the indenter and no loud cracking sound is 
heard for the duration of each test. Upon unloading, the SH19 specimens recovered 
much of their original shape and there is no visible damage. 
 
Post-test specimens are sectioned in half using water-jet cutting in the 0° direction 
and examined for internal damage using an optical microscope. Figure 3.8 
summarises the damage sustained at various locations along the cross-sections of the 
CP19 and SH19 specimens. Due to the helicoidal configuration, individual plies 
cannot be distinguished in the cross-section of the SH19 except for the top and 
bottom 0° plies. In contrast, the CP19 specimens have a banded appearance where the 
0° plies are the light bands and the 90° plies are the dark bands. The CP19 specimens 
exhibit extensive fibre breakage and delamination in the region surrounding the 
indentation point, with a distinct failure plane at 65° to the normal of the laminate 
(A1 in Figure 3.8). Further from the point of loading, delamination is observed in 
several ply interfaces (A2 in Figure 3.8). However, the delaminated zone does not 
extend to the edge of the CP19 specimens. At the edge of the CP19 specimens, there 
is no visible damage (A3 in Figure 3.8). The post-test SH19 specimens are 
remarkably different from the CP19 specimens in terms of visible damage. As seen in 
Figure 3.8B, there are only isolated regions of delamination that span less than 1 mm 
located near the centre of the specimen (B2 and B3 in Figure 3.8). 
 
From the four-point support quasi-static plate bending experiments, the main 
highlight is the flexibility of the SH19 configuration, which is achieved without 
significant damage. However, it is also evident that the SH19 specimens have not 
been loaded to failure due to the four-point support boundary condition. This explains 
the significantly lesser extent of damage sustained by the SH19 specimens compared 
to the CP19 specimens. Therefore another set of quasi-static plate bending 
experiments is performed using a ring (simply supported) boundary condition to 




3.3.2 Plate Bending with Ring Support 
In this set of experiments, the specimens are simply supported by a steel cylinder of 
75 mm inner diameter. Loading is applied at the centre of the specimen using the 
same indenter (hemispherical tip of 12 mm diameter steel rod) attached to the upper 
crosshead of the mechanical tester (AG-25TB, Shimadzu, Kyoto, Japan). Figure 3.9 
shows the experimental setup. The rate of displacement of the upper crosshead is set 
at 1 mm/min. Testing is terminated when the applied load drops by more than 40% of 
the maximum value, whereby the specimen is deemed to have failed. The 
configurations of specimens tested in this series of experiments are summarised in 
Table 3.2. From the experiments, the effects of reducing the change in orientation 
between adjacent plies can be determined. In addition, the double helicoidal 
configuration (DH37) provides insight into the effects of having multiple helicoidal 
ply stacking arrangement. 
3.3.2.1. Comparison of CP5 and SH5 
The load-displacement relationships for the CP5 and SH5 specimens are shown in 
Figure 3.10. All CP5 and SH5 specimens exhibit a characteristic discontinuity in the 
load-displacement curves at an early stage of loading, corresponding to displacements 
of approximately 2.3 mm and 1.4 mm respectively. This can be attributed to the 
conforming of the specimen to the boundary of the ring support. Upon further loading, 
both CP5 and SH5 show a linear response. In this regime, the CP5 specimens have an 
average stiffness of 44 N/mm, which is 52% higher than that of SH5 specimens at 29 
N/mm. For both CP5 and SH5 configurations, as the specimens are loaded past the 
linear regime, a quadrant of the laminate forms an arch with its apex aligned to the 
fibre direction of the top ply (see Figures 3.11A and 3.11B). This occurrence 
coincides with a slight load drop followed by an unstable regime. For the CP5 
specimens, cracking sounds are heard and several load drops are observed in the 
unstable regime. In addition, stiffness of the CP5 specimens decreases as loading 
progresses, such that the applied load approaches a plateau. Total failure of the CP5 
specimens occur when a through-thickness crack propagates along the apex of the 
arch due to excessive bending stress in the region. There is no penetration of the CP5 
specimens. Post-test inspection of the CP5 specimens reveals plastic deformation in 
the top ply along the perimeter of the arch which is caused by compressive matrix 
failure (Figure 3.11C). In contrast, there are significantly less load drops in the 
unstable regime of the SH5 specimens, resulting in a smoother load-displacement 
response. Thus it can be deduced that the load drops in the unstable regime of the 
CP5 specimens is due to progressive matrix and fibre damage in the apex region of 
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the arch. However, tests for the SH5 specimens are terminated at a displacement of 
20 mm due to excessive deformation such that there is contact between both sides of 
the arch (see Figure 3.12). Unlike the CP5 specimens, there is no catastrophic failure 
event in the SH5 specimens. Clearly the SH5 configuration has higher flexibility than 
the CP5 configuration such that there is no visible damage in the apex of the arch. 
Since the SH5 specimens do not have a clear indication of failure, the load bearing 
capacity of CP5 and SH5 should be compared based on the peak load at the end of the 
linear segment. This is justifiable as both CP5 and SH5 specimens become 
increasingly deformed on further loading due to the formation of the arch. The peak 
load for the CP5 configuration is 210.7±11.6 N almost double that of the SH5 
configuration at 112.7±6.3 N. 
 
3.3.2.2. Comparison of CP11 and SH11 
The SH5 configuration has a 45° change in orientation between adjacent plies, which 
is considerably large for a helicoidal stacking sequence. Furthermore, Mode II 
fracture toughness is not optimised given the large angle of ply rotation (Tao and Sun, 
1998). Therefore SH11 specimens, with a smaller angle of ply rotation of 18°, are 
tested against CP11 specimens using the same experimental procedure. 
 
Figure 3.13 shows the load-displacement relationships for the CP11 and SH11 
specimens. Both configurations exhibit a non-linear response with increasing stiffness. 
Compared to the 5-ply specimens, the CP11 and SH11 specimens do not have any 
load discontinuity at small displacements. For displacements of up to 2 mm, 
specimens of both configurations have similar response. Upon further loading, the 
stiffness of SH11 specimens increases at a higher rate than that of the CP11 
specimens. Maximum stiffness of SH11 specimens is approximately 0.71 kN/mm. In 
comparison, maximum stiffness of CP11 specimens is slightly lower at 0.60 kN/mm, 
which occurs prior to the unstable regime. Stiffness of CP11 specimens is generally 
constant during the unstable regime. Although there are several load drops during the 
unstable regime, there is an overall increase in load which indicates that the load 
drops are due to propagation of delamination cracks. Hence, maximum load is 
achieved at the point of total failure where the indenter penetrates the specimen. The 
SH11 specimens undergo catastrophic failure. Therefore, the maximum stiffness and 
load for SH11 specimens occur at the point of failure. The average peak load of the 
SH11 specimens is 1.15±0.10 kN, which occurs at a displacement of around 4.5 mm. 
In contrast, the average peak load of the CP11 specimens is 2.51±0.17 kN which is 
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approximately double that of the SH11 specimens, at a displacement of 
approximately 8.8 mm. 
 
Post-test inspection of the CP11 specimens reveal localised damage on the top 
surface due to penetration of the indenter. The diamond-shaped indent has a single 
crack in the centre and is aligned to the fibre direction of the top ply (Figure 3.14A). 
The indent indicates fibre and matrix damage in the region. The surface crack is due 
to tensile matrix failure initiated from the centre of the indentation. On the bottom 
surface, fibre breakage and delamination are revealed at the back face of the indent. 
In addition, there are partially delaminated strips of the bottom ply (Figure 3.14B). 
This occurs in the fibres on the bottom ply that are adjacent to the centre of the indent. 
Remarkably, the SH11 specimens do not have any visible signs of damage (Figures 
3.14C and D) despite the loss of load bearing capacity. In order to examine the 
damage sustained in the inner plies, the specimens are sectioned in the middle along 
the 0° direction using a diamond wafering saw. For the CP11 specimens, fibre 
breakage and delamination are observed throughout the entire thickness in the region 
under the indenter as shown in Figure 3.15A. Fibres in the bottom ply that did not 
break constitute the observed delaminated strips (Figure 3.14B). Despite the extent of 
damage in the region under the indenter, delamination and matrix cracks did not 
propagate further as seen from the intact cross-section of other regions (see Figure 
3.15B). For the SH11 specimens, delamination is observed in the area under the 
indenter. As shown in Figure 3.15C, a 1.7 mm delamination crack is observed near 
the mid-plane. No damage is observed in the other regions of the cross-section (see 
Figure 3.15D), which suggests that the load drop observed during failure of the SH11 
specimens can be attributed interlaminar shear stress at mid-plane resulting in 
delamination. 
 
Unlike the SH5 specimens, the SH11 specimens have been loaded to failure using the 
ring support boundary condition. Interestingly, the only damage that is found in the 
SH11 specimens is delamination in the mid-plane at the centre of the laminate. The 
difference in response between the SH5 and SH11 configurations indicates that with a 
smaller angle of rotation between adjacent plies, the helicoidal configuration has a 
potentially higher stiffness than a cross-ply configuration of similar thickness. 
Therefore, in the next set of tests, the change in orientation between adjacent plies for 
the single helicoidal configuration is further reduced to 10° with the SH19 specimens. 




3.3.2.3. Comparison of CP19 and SH19 
Figure 3.16 shows the load-displacement relationships for the CP19 and SH19 
specimens. Both CP19 and SH19 configurations exhibit non-linear response, similar 
to that of CP11 and SH11. It is noted that the initial stiffness of SH19 is lower than 
that of CP19. Upon further loading, the stiffness of SH19 specimens is found to 
increase at a higher rate than the CP19 specimens such that the maximum stiffness of 
SH19 is significantly higher (by 130%) at approximately 2.3 kN/mm compared to 
that of CP19 at 1.0 kN/mm. The maximum stiffness for SH19 specimens occurs at the 
point of catastrophic failure due to penetration by the indenter. Furthermore, unlike 
the trends in the 5-ply and 11-ply single helicoidal configurations, the average peak 
load of SH19 specimens is higher compared to the CP19 specimens. The average 
peak load of the SH19 specimens is 5.80±0.13 kN at load point displacement of 
around 7 mm. Similar to the previous cross-ply configurations, the CP19 specimens 
exhibit an unstable regime starting from a displacement of 6 mm. The load increases 
despite a series of minor load drops, which indicates that the load drops are caused by 
delamination. The average peak load of the CP19 specimens is 4.34±0.24 kN attained 
prior to total failure at a displacement of around 9 mm. In general, the load-
displacement trends of the CP19 and SH19 configurations are identical to that of the 
CP11 and SH11 configurations respectively, except that the peak load of the SH19 
configuration is higher than that of the CP19 configuration by 33.6%. 
 
The damage found in the post-test CP19 and SH19 specimens is summarised in 
Figure 3.17. On the top surface of the CP19 specimens, there are two cracks aligned 
in the 0° and 90° directions, forming a cross pattern with the point of loading as the 
centre (Figure 3.17A). These are through-thickness cracks as the same pattern is 
observed on the bottom surface (Figure 3.17B). The orthogonal cracks reveal fibre 
and matrix damage in the same directions at every ply, and that every ply has 
delaminated. In addition, there is delamination of fibres in the bottom ply that are 
adjacent to the centre, resulting in peeling that extends to the edge of the specimen. 
As for the SH19 specimens, there is a circular indent on the top surface with slight 
fibre and matrix failure at the centre (Figure 3.17C inset). On the bottom surface of 
the SH19 specimens, there is fibre failure in the bottom ply at the centre of the 
specimen. In addition, matrix cracking is observed to be oriented at 10° to the fibre 
direction of the bottom ply, i.e. aligned to the fibre orientation of the second ply. The 
extent of internal damage cannot be ascertained from the surface. Therefore, the 
specimens are sectioned in the middle using a diamond wafering saw, along the 0° 
direction. Figure 3.18 shows the cross-sections of the CP19 and SH19 specimens. 
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Intra- and interlaminar damage in both CP19 and SH19 specimens are found only in 
the centre. Fibre and matrix failure in this region can be attributed to the penetration 
of the indenter. In the case of the CP19 configuration, delamination has also occurred 
in every ply, with the most extensive being the interface between the bottom ply and 
the second ply. The span of the delaminated region is 39.5 mm for the CP19 
specimen. In the unstable regime of the load-displacement curves of the CP19 
specimens, the applied load has an overall increasing trend despite the several load 
drops. This implies that progressive delamination is occurring during this phase 
which results in the load drops. In contrast, the SH19 configuration exhibits 
significantly less delamination; intralaminar matrix failure is the predominant mode 
of damage as can be seen from Figure 3.18B. The span of the delaminated zone in the 
SH19 specimen is 20.3 mm, which is approximately half of that in the CP19 
specimen. 
 
With the reduction in angle of rotation between adjacent plies from 18° (SH11) to 10° 
(SH19), the stiffness and load bearing capacity have exceeded that of equivalent 
cross-ply configurations. Maximum stiffness of SH19 is double that of CP19, which 
is significantly better than SH11 where the maximum stiffness is 18% higher 
compared to CP11. Peak load of SH19 is 33.6% higher than that of CP19, whereas 
peak load of SH11 is only half that of CP11. 
 
3.3.2.4. Comparison of CP37 and DH37 
Since the structure of the mantis shrimp cuticle comprises multiple helicoidal stacks 
of chitin-protein fibre layers, it is essential to evaluate the effects of increasing the 
number of helicoidal stacks on the performance of the laminate. Thus, keeping the 
change in orientation between adjacent plies to 10°, the 37-ply double helicoidal 
configuration (DH37) is tested against a 37-ply cross-ply configuration (CP37). Note 
that in the DH37 configuration, the orientation of the plies continuously change by 10° 
to achieve an overall 360° rotation (double helicoidal).  
 
The load-displacement relationships for the DH37 and CP37 specimens are shown in 
Figure 3.19. Unlike the 19-ply and 11-ply experiments, both the DH37 and CP37 
specimens exhibit an initial linear response. The CP37 specimens have a constant 
stiffness of approximately 1.0 kN/mm up to a displacement of 1.6 mm. The DH37 
specimens have a constant stiffness of approximately 0.87 kN/mm up to a 
displacement of 1.8 mm. Although the initial stiffness of the DH37 specimens is 
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lower, this linear response is followed by a non-linear regime where the stiffness 
increases with displacement, such that the stiffness of DH37 specimens eventually 
exceeds that of the CP37 specimens. Maximum stiffness of the DH37 specimens is 
approximately 3.5 kN/mm, which is more than double (119% higher) compared to 
that of the CP37 at 1.6 kN/mm. The DH37 specimens exhibit a short unstable regime 
before failure. As for the CP37 specimens, there is also an unstable regime prior to 
failure, similar to the CP19 specimens. However, in the case of the CP37 specimens, 
the load-displacement curve plateaus during the unstable regime. The average peak 
load of the CP37 specimens is 7.11±0.39 kN, while that of the DH37 specimens is 
10.2±0.4 kN which is 43.5% higher. 
 
Figure 3.20 shows the top and bottom surfaces of the post-test CP37 and DH37 
specimens. On the top surface of the CP37 specimens, there are two cracks aligned in 
the 0° and 90° directions, forming a cross pattern centred at the point of loading 
(Figure 3.20A). This is similar to the observations in the CP19 specimens, except that 
the cracks have propagated further towards the edges of the CP37 specimens. On the 
bottom surface of the CP37 specimens, cracks are found in the middle and aligned to 
the fibre direction of the bottom ply. These cracks reveal failure of the internal plies 
along the same plane, indicating fibre failure of the 90° plies. As for the DH37 
specimens, there are no indications of damage on the top surface except for the 
circular indent. A single crack is found spanning the diameter of the indent, aligned to 
the 90° direction, which indicates fibre failure of the top ply. On the bottom surface 
of the DH37 specimens, there are fibre and matrix damage in centre similar to the 
SH19 specimens. However, in the case of the DH37 specimens, the matrix cracks are 
aligned to the fibre direction of the bottom ply. 
 
The CP37 and DH37 specimens are sectioned in the middle along the 0° direction to 
examine for damage to the internal plies. Cross-sections of the CP37 and DH37 
specimens are shown in Figure 3.21. The cross-section of the CP37 specimen reveals 
fibre damage and delamination in the region under the indenter. It is also noted that 
there are several plies under the mid-plane which do not exhibit such damage. 
Delamination is also found in the bottom plies which propagate to the edge of the 
specimen. For the DH37 specimen, there is through-thickness fibre failure in the 
region under the indenter due to penetration. Delamination in the DH37 specimen 
occurs around the mid-plane and propagates close to the edge of the specimen. This 




Table 3.3 summarises the results of the quasi-static plate bending experiments with 
ring support boundary condition. It is established that a small change in orientation 
between adjacent plies is vital for the performance of the helicoidal configuration. 
The SH19 and DH37 specimens outperformed the corresponding cross-ply specimens 
in terms of stiffness and load bearing capacity. It is also shown that in the double 
helicoidal configuration (DH37), there is a short unstable regime before failure which 
indicates better damage tolerance than the single helicoidal configuration (SH19). 
 
3.3.2.5. Comparison of Results with Literature 
Although the helicoidal configuration adopted by Apichattrabrut and Ravi-Chandar 
(2006) comprises two helicoidal stacks that are symmetric about mid-plane, a 
comparison against the quasi-static plate bending results in this study highlights 
several characteristics of the helicoidal configuration in general. Firstly, peak static 
load reported for the symmetric helicoidal laminate is double compared to that of 
cross-ply. In contrast, the average peak load of DH37 is only 43.5% higher than CP37. 
With a difference of only 3 plies between the two sets of results, the main difference 
in performance can be attributed to the boundary condition. The clamped boundary 
condition adopted by Apichattrabrut and Ravi-Chandar (2006) does not allow the 
specimen to flex freely. This means that the helicoidal configuration is optimal for 
point loads on a large structure. Conversely, the advantage of the helicoidal 
configuration is less significant if the laminate is allowed to flex. This is seen in the 
beam bending test results by Cheng et al. (2011) where there is no clear advantage of 
the helicoidal configuration over other configurations. 
 
3.3.3. Micro-CT Study of Damaged Specimens 
Damage in the 19- and 37-ply specimens (i.e. CP19, SH19, CP37 and DH37) after 
quasi-static plate bending tests are examined using micro-CT technique as it is a non-
destructive method. The scans are performed using the Skyscan 1076 (Skyscan, 
Belgium) micro-CT scanner at a resolution of 18 µm. The maximum width of 
specimens for the scanner is limited to 3 cm. Therefore prior to scanning, the 
specimens are cut to the allowable width using a diamond wafering saw along the 0° 
direction of the top ply, with 1.5 cm on each side of the specimen centre. 
Reconstruction of raw images is performed using the designated software NRecon 
(Skyscan, Belgium). Subsequently, images of cross-sections are extracted using 




3.3.3.1. Internal Damage of 19-Ply Specimens 
Damage in the CP19 specimens at the end of the quasi-static plate bending test is 
highlighted in Figure 3.22. From the transverse cross-sections, it is can be seen that 
the orthogonal cracks on the incident surface do not extend beyond the mid-plane. 
The cracks propagate through the upper plies at approximately 45° to the normal, 
which suggests that the cracks initiated due to in-plane compressive failure at the top 
ply. At the mid-plane, compressive stress is lower and it is the region of maximum 
transverse shear stress, hence the cracks propagate in the transverse direction instead, 
resulting in delamination. Except for the immediate region under the indenter tip, 
there are no through-thickness cracks in the specimens. In this region, however, 
almost every ply has delaminated. 
 
Figure 3.23 shows the transverse sections of the SH19 specimen. The damage 
mechanisms are distinctly different from that of the CP19 specimen (as shown in 
Figure 3.21). While the CP19 specimens have delamination throughout the thickness, 
the SH19 specimens have less albeit longer range delamination cracks. Furthermore, 
these cracks are observed to propagate across several plies (see sections 1 to 3 in 
Figure 3.23), which is not observed in the CP19 specimens. The delamination 
patterns in the SH19 specimens are better visualised using in-plane sections as shown 
in Figure 3.24. In the figure, delamination appears as dark regions. The interlaminar 
cracks initiate from the centre at approximately mid-plane and propagate as a 
symmetric pair about the origin. As the cracks propagate, the width increases 
resulting in more extensive delamination at each ply interface, with a curved profile. 
The direction of crack propagation follows the ply rotation, which is clockwise when 
viewed from the top. The cracks propagate past the bottom ply and appear on the 
back face as seen in Figure 3.17D. Based on the micro-CT images, it is evident that 
the primary mode of damage in the SH19 configuration is delamination which 
effectively prevents through thickness cracks. This could be the primary reason for 
the higher peak load attained by the SH19 specimens. It is also interesting that in 
spite of the spiralling pair of interlaminar cracks, there is no noticeable loss in load 
until failure of the SH19 specimens. 
 
3.3.3.2. Internal Damage of 37-Ply Specimens 
The damage in CP37 specimens is similar to that in CP19 specimens, as shown in 
Figure 3.25. The orthogonal cracks on the incident surface are found to propagate to 
mid-plane at an approximate angle of 45° to the normal of the plane. In the region 
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under the indenter, there is also delamination in almost every ply and more extensive 
through-thickness cracks. One of the differences from CP19 specimens is the 
occurrence of delamination in the lower plies at a further distance from the centre 
(see sections 2 to 4 in Figure 3.25). Another difference is the presence of 
delamination at mid-plane that propagates further than the orthogonal surface cracks 
as shown in section 1 of Figure 3.25. In contrast, for CP19 specimens, there is no 
damage found beyond the point where the orthogonal cracks ended. 
 
As for the DH37 specimens, the diagonal cracks observed in Figure 3.26 indicate the 
presence of spiralling delamination similar to that in SH19 specimens. Unlike the 
SH19 specimens, these cracks initiate above the mid-plane in the DH37 specimens. 
Figure 3.27 shows the in-plane sections of the DH37 specimen where the spiralling 
delamination is observed. Compared to the SH19 configuration, the DH37 
configuration has an additional 180° of ply rotation. Therefore the spiralling 
delamination crack in the DH37 specimen is observed to achieve a larger rotation 
than that in the SH19 specimen, before the crack propagates past the bottom ply and 
appear at the back face of the specimen (see Figure 3.20D). In contrast to CP37 
specimens, the dominant mode of damage in DH37 specimens is delamination. 
 
3.4.	Ballistic	Tests	
In order to evaluate the impact resistance of the helicoidal configuration, a series of 
ballistic experiments are conducted to obtain the ballistic limits for the SH19 and 
DH37 configurations. For comparison, CP19 and CP37 specimens are also tested. 
Specimens for the ballistic tests are identical to those used for the quasi-static plate 
bending experiments. Similarly, the ring simple support boundary condition from the 
quasi-static bending tests is imposed for the ballistic tests for a direct comparison of 
the results as well as to understand the behaviour of the different layup configurations. 
 
3.4.1. Ballistic Test Procedure 
Figure 3.28 shows a schematic of the setup for the ballistic experiments. A smooth 
bore gas gun is used to propel a spherical steel projectile of diameter 12 mm and mass 
6.89 g. The impact velocity of the projectile is measured using a pair of light gates 
positioned between the gas gun and the target. The ring support used in the quasi-
static tests is mounted, with its axis coincident with the trajectory of the projectile, on 
the fixed rigid steel mounting stage in the target chamber (see Figure 3.29). The test 
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specimen is held in position ahead of the ring support with its centre in line with the 
trajectory of the projectile using putty adhesive. The use of such adhesive does not 
impose any constraint on the specimen due to its low strength. A high speed camera 
(APX-RS, Photron Limited, Japan) recording at a rate of 30,000 frames per second is 
used to capture the entire impact event of each specimen. From the high speed video 
capture for every penetrated specimen, the residual velocity of the projectile is 
measured. This is done by firstly determining the actual length represented by each 
pixel in the video, based on the known diameter of the projectile. The distance 
measuring function in the video capturing software (Fastcam Viewer 3.1.3, Photron 
Limited, Japan) is used. Next, the distance covered by the projectile after penetration 
can be calculated and is then divided by the time duration of the corresponding 
number of video frames to obtain the residual velocity. 
 
As the number of specimens is limited and thus insufficient for a statistical 
determination of ballistic limit according to standard test procedures (e.g. V50 in Mil-
Std-662F and NIJ 0101.06 standards), an alternative method is adopted. In the current 
method, each test is performed on a fresh specimen with increasing projectile velocity 
until the velocity at which the test specimen is perforated and the velocity at which 
the test specimen is not perforated differ by less than 5 m/s. The ballistic limit is then 
taken to be the average of the two values. Subsequently, the two specimens for each 
configuration are examined for damage. 
 
3.4.2. Ballistic Test Results 
Results from the ballistic experiments are tabulated in Appendix B. Figures 3.30 and 
3.31 show the plots of projectile residual velocity against incident velocity for 19-ply 
and 37-ply specimens respectively. From the plots, it is evident that while the ballistic 
performance of CP19 is better than SH19, CP37 and DH37 exhibit similar 
performance. Table 3.4 summarises ballistic limits for the various configurations. The 
ballistic limit for SH19 is 93.78 m/s, which is 32.9% lower than that of CP19 at 
139.78 m/s. As for the 37-ply configurations, the ballistic limit for the DH37 is 
142.70 m/s, which is marginally better (by 1.6%) than that of CP37. Given that the 
37-ply configurations are essentially two stacked 19-ply configurations, it is 
interesting to note that there is a 52.2% improvement in ballistic limit for DH37 over 
SH19, but there is no significant improvement for CP37 compared to CP19. For each 
configuration, the two specimens used for the calculation of the ballistic limit are 
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examined for visible damages which will help identify the differences in failure 
mechanisms arising from the different configurations.  
 
3.4.2.1. Damage in 19-ply Specimens 
Figure 3.32 shows the images of a CP19 specimen that was not penetrated (CP19BL-
9). On the front face of the specimen, the only visible damage is in the form of slight 
matrix and fibre damage extending from the point of impact along the 0° and 90° to 
all four edges, effectively dividing the surface into four quadrants that appear 
undamaged. Due to the narrow width of the cracks, the underlying plies are not 
exposed. The compressive stresses on the top ply during the impact initiated the 
cracks. Due to the simple support boundary conditions, the cracks could propagate to 
the edges. On the back surface, there is plastic deformation along the 0° direction in 
the middle of the specimen. This can be attributed to matrix damage in the bottom ply 
due to tensile stress during the impact. As indicated in Figures 3.32D, there is also 
fibre damage along the boundary which could have been caused by the contact with 
the inner edge of the ring support. A comparison of the damages found on the front 
and back faces shows that much of the damage occurs in the top ply, which 
corresponds to regions under compressive stress. 
 
Images of a CP19 specimen that is penetrated by the projectile (CP19BL-10) are 
shown in Figure 3.33. Visual inspection of the front face of the specimen reveals 
significantly different modes of damage from the specimen without penetration 
(CP19BL-9). Most of the damage occurs at the impact region, with no distinct cracks 
along the 0° and 90° directions (see Figure 3.33A). In Figure 3.33B, a close-up of the 
damage zone reveals fibre and matrix failure aligned to the 0° and 90° directions. 
Fibre breakage along the 0° direction reveals the underlying layers. In general, the 
path of the projectile is obscured with the elastic recovery of the plies. Figure 3.33C 
shows the back face of the specimen. Besides damage at the exit site of the projectile, 
it is evident that strips of fibres in the bottom ply have peeled off completely during 
the impact. Such delamination is noted to propagate to the opposing edges of the 
specimen. Figure 3.33D shows a close-up of the exit site on the back face. In this 
region, delamination has occurred in several plies in addition to fibre and matrix 
damage. The delamination is similar to that observed in the CP19 specimens 
subjected to quasi-static bending tests as mentioned in Section 3.3.2.2 (see Figure 
3.33B). In this case, the impact loading has resulted in delamination of entire lengths 
of fibres. The same mechanism can be applied here – when the projectile penetrates 
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up to the bottom ply, fibres on the bottom ply preferentially debond from the adjacent 
ply, which requires less energy than fibre breakage. This mechanism is observed in 
specimens where the incident velocity of the projectile is above the calculated 
ballistic limit. Damage in the penetrated CP19 specimen is generally localized at the 
centre of the specimen. 
 
As for the SH19 specimens, distinctly different modes of damage are observed. 
Figure 3.34 shows the SH19 specimen with no penetration (SH19BL-8). On the front 
face of the specimen (Figure 3.34A), the only region with visible damage is the 
indent at the point of impact by the projectile. Figure 3.34B highlights the fibre-
dominant damage in the top ply at the indent. The direction of propagation of the 
transverse cracks across fibres on the top ply is aligned with the orientation of the 
adjacent ply. Therefore the cracks have a zig-zag appearance. On the back face of the 
specimen, as shown in Figure 3.34C, there is a crack in the matrix spanning the 
length of the bottom ply in the 0° direction, effectively splitting the bottom ply into 
two. From the crack, the bottom ply has delaminated in the clockwise direction (as 
viewed in Figure 3.34C) such that the interlaminar crack front is approximately 
parallel to the fibre direction of the adjacent ply. A close-up of the centre of the back 
face reveal fibre damage (Figure 3.34D). Although the specimen is not penetrated, 
fibres in the region could have failed under tensile stress due to excessive bending 
during the impact. 
 
Post-test images of the SH19 specimen with penetration (SH19BL-7) are shown in 
Figure 3.35. Similar to the previous specimen, damage on the front face is limited to 
the point of impact. In this case, due to the penetration of the specimen, there is more 
extensive matrix and fibre damage (see Figure 3.35B). Comparison of the CP19 and 
SH19 specimens shows that the SH19 specimens do not exhibit damage in the region 
surrounding the point of impact. This can either be attributed to lower compressive 
stress or better stress distribution in the top ply. It is also noted that matrix and fibre 
cracks at the impact region do not propagate beyond the indent for the case of SH19. 
On the back face of the penetrated SH19 specimen, there is a crack in the matrix 
spanning the length of the bottom ply in the 0° direction, effectively splitting the 
bottom ply into two. In addition, part of the bottom ply has delaminated (see Figure 
3.35D). The extent of delamination is greater than that in the SH19 specimen without 
penetration, indicating an increase in energy dissipation. Interestingly, the exit site on 
the back face is obscured by the bottom ply. This means that as the projectile passed 
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through the specimen, delamination of the bottom ply occurred which allowed the ply 
to peel back without causing damage to the matrix or fibre at the centre. 
 
3.4.2.1. Damage in 37-ply Specimens 
Figure 3.36 shows the images of a CP37 specimen that was not penetrated (CP37BL-
4). The front face of the specimen has two distinct paths of matrix and fibre damage 
in the 0° and 90° directions (Figure 3.36A), which is similar to unperforated CP19 
specimens. At the point of impact, there is also slight matrix and fibre damage as 
shown in Figure 3.36B. The orthogonal cracks are found in cross-ply specimens that 
are not penetrated by the projectile. These cracks initiated due to high compressive 
stress in the top ply, which indicates that whole specimen flexed under the transverse 
loading. On the back face of the CP37 specimen, there are only a few short cracks in 
the matrix that are aligned to the fibre direction of the bottom ply (see Figures 3.36C 
and 3.36D). These cracks initiated due to the tensile stress in the bottom ply during 
the bending of the plate during the impact. In general, since the projectile velocity is 
below the ballistic limit, there is no significant damage in the specimen. 
 
As for the CP37 specimen with penetration (CP37BL-7), damage on the front face is 
more localised compared to the aforementioned specimen without penetration (see 
Figure 3.37A). This means that when the impact velocity is higher than the ballistic 
limit, the specimen flexes to a lesser extent due to the shorter time frame for 
transverse stress propagation, hence resulting in more localized damage. This is 
consistent with the observations in the CP19 specimens. Figure 3.37B shows a close- 
up image of the entry point of the projectile. There is fibre damage across the centre, 
i.e. cracks propagating in the 90° direction. Taking into account that the projectile 
penetrated the specimen, the damage on the front face is minimal. It is noted that the 
visible damage on the top ply is less significant than in the case of CP19. Elastic 
recovery of the laminate has effectively obscured the path that the projectile took 
through the thickness of the specimen. On the back face of the specimen (Figure 
3.37C), the exit point of the projectile has extensive matrix and fibre damage that 
occurs in the underlying plies as well. Similar to CP19, strips of fibres in the bottom 
ply have peeled off during the penetration of the projectile. It is also evident from 
Figure 3.37D that in the impact region, the plies have significant delamination. In 
general, when penetration occurs, damage is predominantly in the form of through-




Figure 3.38 shows the images of the DH37 specimen without penetration (DH37BL-
1). The projectile is wedged into the specimen and cannot be removed. From Figure 
3.38A, the only observable damage is in the area adjacent to the projectile. A close-up 
of the point of impact in Figure 3.38B shows matrix damage in the form of cracks 
along the 0° direction. However, due to the presence of the embedded projectile, the 
underlying damage cannot be examined. On the back face of the specimen, the main 
visible damage is the matrix crack in the centre along the 0° direction that extends to 
both edges of the bottom ply. Parts of the bottom ply are also delaminated. The 
interlaminar cracks propagates in the anti-clockwise direction, initiating from the 
main matrix crack along 0° direction. The pair of interlaminar crack fronts are 
indicated in Figure 3.38C by the dotted lines. Unlike the SH19 specimen without 
penetration as shown in Figure 3.34, there is more extensive delamination such that 
the interlaminar crack fronts are no longer collinear and have gone through a larger 
rotation. In Figure 3.38D, the delaminated region is viewed from an angle. Matrix 
damage at the delaminated edge of the bottom ply can also be seen. After the 
projectile impacts the specimen, the transverse propagation of stress waves sets up an 
oscillatory flexing motion in the specimen which is observed in the high speed videos. 
This induces further damage especially at the delaminated edges of the bottom ply. 
 
Images of post-test DH37 specimen with penetration (DH37BL-6) are shown in 
Figure 3.39. From Figure 3.39A, it is clear that damage on the front face of the 
specimen is localized at the point of impact, leaving the surrounding regions intact. A 
close-up of the entry point of the projectile (Figure 3.39B) shows that there is 
extensive fibre and matrix damage within the indent. Damage can be observed even 
in the underlying plies with no discernible orientation in the damaged fibres. In 
comparison, damage in the front face of the SH19 specimen with penetration (Figure 
3.35B) appears less extensive. However, in both the SH19 and DH37 specimens, the 
cracks are found to be contained within the circumference of the indent. On the back 
face of the specimen (Figure 3.39C), there are more matrix cracks in the 0° direction 
as compared to the DH37 specimen without penetration. This can be attributed to the 
increased projectile velocity which results in higher tensile stress in the bottom ply, 
thus leading to more extensive matrix failure. A close-up of the exit site on the back 
face shows fibres from underlying plies that have been pushed through the cracks by 
the projectile (see Figure 3.39D). Due to the helicoidal configuration, the exposed 
fibres are of different orientations. Similar to the penetrated SH19 specimen, the 




3.4.2.3. Comparison of Failure Mechanisms 
Based on the aforementioned damages observed in the specimens from the ballistic 
tests, it can be concluded that the helicoidal and cross-ply configurations have 
distinctly different failure mechanisms. In the helicoidal specimens, the reduction in 
angle between adjacent plies has effectively eliminated in-plane fracture propagation, 
as shown by the reduced damage on the front face. The dominant mode of damage in 
specimens with helicoidal configurations is delamination. In contrast, cross-ply 
specimens do not exhibit the same extent of delamination. One possible explanation 
for the significant improvement in ballistic limit of DH37 over SH19 could be that 
there is more extensive delamination in the former since the overall ply rotation is 
also doubled. In comparison, damage in cross-ply specimens is localized in the centre 
regardless of the number of plies. Therefore the helicoidal configuration has the 
advantage of increased energy dissipation as the number of rotations increase. Hence 
it can be expected that having triple or more helicoidal rotations, the ballistic limit of 
the specimen will better than a cross-ply specimen with an equivalent number of plies. 
 
3.4.2.4. Comparison of Results with Literature 
Although the ballistic limit of the symmetric helicoidal laminate was not established 
by Apichattrabrut and Ravi-Chandar (2006), it was clear that the symmetric 
helicoidal laminate has a better impact resistance than the cross-ply laminate. Taking 
into consideration the results of the current study, it is evident that regardless of 
whether it is a fixed or simply supported boundary condition, the helicoidal 
configuration would have higher ballistic limit compared to the cross-ply 
configuration, as long as the ply rotation angle is small. 
 
3.5	Summary	of	Results	
Quasi-static transverse point loading tests have been carried out on the helicoidal 
laminates. With the four-point support, it is found that the helicoidal specimens are 
highly flexible such that the specimens folded up upon loading and could recover 
almost completely upon unloading. Such behaviour is not observed in the cross-ply 
laminates, thus indicating that the helicoidal configuration allows the laminate to 
undergo large bending strains without significant damage. 
Using a ring simple support, the helicoidal laminates could be loaded to failure. The 
new boundary condition is independent of orientation and allows for a more 
optimised use of material in the specimens. It is found that the helicoidal 
configuration gives better load bearing capacity and peak stiffness only when the ply 
rotation angle is small enough, i.e. 10° for the SH19, DH37 specimens. Micro-CT 
scans of post-test specimens show that there is extensive delamination in the SH19 
and DH37 specimens, in the form of a spiralling crack. This suggests that the 
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helicoidal configuration has superior mechanical behaviour which is highly 
dependent on the interlaminar properties. Therefore, with a small ply rotation angle, 
interlaminar fracture toughness is improved (Tao and Sun, 1998) and the helicoidal 
laminate is capable of sustaining a larger load and achieving higher stiffness before 
failure. 
In order to elucidate the ballistic performance of the helicoidal laminates, the 19-ply 
and 37-ply specmens are subjected to ballistic tests using the same ring simple 
support boundary condition as the quasi-static bending tests. While the SH19 
specimens exhibit lower ballistic limit compared to CP19, the DH37 specimens show 
an improved ballistic limit over CP37. The ballistic test results show that stacking 
helicoidal configurations would provide better impact resistance. This finding sheds 
light on the motivation for the smasher telson to comprise multiple helicoidal stacks 











Areal weight (g/m2) 
Carbon 
fibre Resin Total 
0.08 38±2 75 46 121 
 
 
Table 3.2: Summary of laminate configurations. 
Designation Description No. of plies Configuration 
CP5 cross-ply 5 [0°/90°/0°/90°/0°] 
CP11 cross-ply  11 [(0°/90°)5/0°] 
CP19 cross-ply 19 [(0°/90°)9/0°] 
CP37 cross-ply  37 [(0°/90°)18/0°] 
SH5 single helicoidal (45°) 5 [0°/-45°/-90°/-135°/-180°] 
SH11 single helicoidal (18°) 11 [0°/-18°/…/-180°] 
SH19 single helicoidal (10°) 19 [0°/-10°/…/-180°] 
DH37 double helicoidal (10°) 37 [0°/-10°/…/-360°] 
 
 
Table 3.3: Summary of peak stiffness and peak load from quasi-static plate bending 
experiment with ring support. Percentage difference is based on values of 




% Difference Peak Load (N) % Difference 
CP5 44 - 210.7 - 
SH5 29 -34.1 112.7 -46.5 
CP11 600 - 2510 - 
SH11 710 18.3 1150 -54.2 
CP19 1000 - 4340 - 
SH19 2300 130 5800 33.6 
CP37 1600 - 7110 - 





Table 3.4: Summary of ballistic test results. 
Configuration Ballistic Limit (m/s) % Difference 
CP19 139.78 - 
SH19 93.78 -32.9 
CP37 140.47 - 
DH37 142.70 1.6 
 
 










Figure 3.3: Cure cycle used in fabrication of specimens. 
 
 










Figure 3.6: Typical load-displacement curves for CP19 and SH19 specimens from 





Figure 3.7: Sequential snapshot of (A) CP19 and (B) SH19 specimens during quasi-
static plate bending test with four-point support. Fibre orientation of top ply is 
indicated in the first frame. Note that in frame A6, the indenter has completely 
penetrated the CP19 specimen. 
 
 
Figure 3.8: Micrographs of cross-section of CP19 and SH19 specimens after quasi-






Figure 3.9: Experimental setup for quasi-static plate bending test with ring support. 
 
 
Figure 3.10: Typical load-displacement curves for CP5 and SH5 specimens from 





Figure 3.11: Formation of arch in (A) CP5 and (B) SH5 specimens during quasi-static 
plate bending test with ring support. Damage observed in (C) CP5 and (D) SH5 
specimens after testing. 
 
 





Figure 3.13: Typical load-displacement curves for CP11 and SH11 specimens from 
quasi-static plate bending test with ring support. 
 
 
Figure 3.14: Post-test specimens from the quasi-static plate bending test with ring 






Figure 3.15: Cross-sections of post-test CP11 specimen at (A) point of loading, (B) 




Figure 3.16: Typical load-displacement curves for CP19 and SH19 specimens from 





Figure 3.17: Post-test specimens from the quasi-static plate bending test with ring 




Figure 3.18: Cross-sections of post-test (A) CP19 and (B) SH19 specimens. Position 





Figure 3.19: Typical load-displacement curves for CP37 and DH37 specimens from 
quasi-static plate bending test with ring support. 
 
 
Figure 3.20: Post-test specimens from the quasi-static plate bending test with ring 





Figure 3.21: Cross-sections of post-test (A) CP37 and (B) DH37 specimens. 
Boundary of mid-plane delamination in DH37 is indicated by dotted lines. Position of 
indenter is indicated by arrow. 
 
 









Figure 3.24: Micro-CT images of in-plane sections showing rotating path of 
delamination cracks (indicated by arrows) in SH19 specimen. The cracks initiated 
from the centre of the mid-plane and are symmetric about the origin. Direction of 
crack propagation follows the ply rotation, i.e. clockwise when viewed from the top. 
















Figure 3.27: Micro-CT images of in-plane sections showing rotating path of 
delamination cracks (indicated by arrows) in DH37 specimen. The cracks initiated 
above the mid-plane and are symmetric about the origin. Direction of crack 




Figure 3.28: Schematic of ballistic test setup. 
 
 





Figure 3.30: Plot of residual velocity against incident velocity of projectile for 
ballistic tests on 19-ply specimens. 
 
 
Figure 3.31: Plot of residual velocity against incident velocity of projectile for 





Figure 3.32: Post-test CP19 specimen with no penetration (CP19BL-9). (A) Front 
face of specimen showing slight matrix and fibre damage along the 0° and 90° 
direction, effectively dividing the surface into four quadrants with no further visible 
damage. (B) Close-up of the centre of the front faces highlighting the matrix and fibre 
damage on the top ply. (C) Back face of specimen showing matrix damage along the 
0° direction. Matrix and fibre damage is also found along the boundary as highlighted. 






Figure 3.33: Post-test CP19 specimen with penetration (CP19BL-10). (A) Front face 
of specimen showing matrix and fibre damage mainly in the region of impact. (B) 
Close-up of the centre of the front face highlighting the fibre breakage along the 90° 
direction. (C) Back face of specimen showing matrix and fibre damage mainly at the 
projectile exit site. Strips of fibres from the bottom ply have also peeled off. (D) 






Figure 3.34: Post-test SH19 specimen with no penetration (SH19BL-8). (A) Front 
face of specimen exhibit visible signs of damage only at impact region. (B) Close-up 
of the centre of the front face shows the fibre failure on the top ply aligned to the 
adjacent ply resulting in a zig-zag appearance. (C) Back face of specimen showing 
martix cracks along the 0° direction with the bottom ply delaminated and slightly 
peeled back. Extent of peeling is indicated by dotted line which corresponds to the 






Figure 3.35: Post-test SH19 specimen with penetration (SH19BL-7). (A) Front face 
of specimen exhibit visible signs of damage only at impact region. (B) Close-up of 
the centre of the front face shows fibre failure across the diameter of the indent. (C) 
Back face of specimen showing matrix crack along the 0° direction with the several 
plies delaminated. Extent of delamination is indicated by dotted line. (D) Close-up of 






Figure 3.36: Post-test CP37 specimen with no penetration (CP37BL-4). (A) Front 
face of specimen showing slight matrix and fibre damage along the 0° and 90° 
direction, effectively dividing the surface into four quadrants with no further visible 
damage. (B) Close-up of the centre of the front face highlighting orthogonal cracks in 
the top ply. (C) Back face of specimen with a few matrix cracks along the 0° direction. 







Figure 3.37: Post-test CP37 specimen with penetration (CP37BL-7). (A) Front face of 
specimen showing matrix and fibre damage mainly in the region of impact. (B) 
Close-up of the centre of the front face highlighting the fibre breakage along the 90° 
direction. (C) Back face of specimen showing matrix and fibre damage at the 
projectile exit site. Strips of fibres from the bottom ply have also peeled off. (D) 
Close-up of exit site showing the matrix and fibre damage across several plies under 





Figure 3.38: Post-test DH37 specimen with no penetration (DH37BL-1). (A) Front 
face of specimen exhibit visible signs of damage only at impact region. Projectile has 
wedged into the specimen and cannot be removed. (B) Close-up of the impact region 
showing matrix-dominant failure. (C) Back face of specimen showing matrix crack 
along the 0° direction with the bottom ply delaminated and peeled back. Extents of 
delamination are indicated by the dotted lines.  (D) Close-up of delaminated region. 





Figure 3.39: Post-test DH37 specimen with penetration (DH37BL-6). (A) Front face 
of specimen exhibit visible signs of damage only at impact region. (B) Close-up of 
the centre of the front face shows fibre failure at the indent. (C) Back face of 
specimen showing multiple matrix cracks along the 0° direction with the several plies 
delaminated. Extent of delamination is denoted by dotted line. (D) Close-up of exit 
site of projectile showing broken fibres from inner plies that have been pushed 








As shown in the previous chapter, the 19-ply and 37-ply helicoidal configurations 
have demonstrated advantage over corresponding cross-ply configurations in terms of 
static transverse normal loading capacity. From the ballistic tests, it is also shown that 
the helicoidal configuration has greater potential in impact resistance as the number 
of plies in the laminate increases, as compared to the cross-ply configuration. Results 
shown in the previous chapter also reveal significantly different modes of damage 
between the two configurations. Therefore, numerical analysis is conducted to 




Ravi-Chandar (2011) performed numerical simulation for the low speed ballistic 
experiment on helicoidal composite laminates (Apichattrabrut and Ravi-Chandar, 
2006). Details of the experiments are reported in Section 3.1. Using a perfectly elastic 
model, the response of the symmetric helicoidal configuration, in terms of transverse 
deflection, principal stress distribution and the peak value, is found to be similar to 
that of a cross-ply configuration (Ravi-Chandar, 2011). In order to study the 
delamination behaviour of the symmetric helicoidal configuration, Ravi-Chandar 
(2011) used a cohesive zone model which comprised elastic composite layers bonded 
by zero-thickness cohesive elements. Damage in the cohesive elements is based on 
the mixed-mode failure criterion proposed by Benzeggagh and Kenane (1996). It is 
found that there is a reduction in peak principal stress, although the deflection 
remained similar. In terms of delamination, the symmetric helicoidal configuration 
has a 16.6% higher number of failed cohesive elements. Ravi-Chandar (2011) 
suggested that increased delamination the helicoidal composites allow greater 
dissipation of energy. In another simulation with a lighter projectile at higher velocity, 
the delamination is found to align with the fibre directions of the adjacent plies. 
Intralaminar damage was not incorporated in the simulations by Ravi-Chandar (2011) 
due to high computational cost and lack of convergence in the solutions. Therefore, 
the results presented by Ravi-Chandar (2011) provide insight into the possible 
delamination behaviour in helicoidal configurations. Differences from the current 
study can be expected due to the enforcement of a symmetric helicoidal configuration 




Grunenfelder et al. (2014) modelled the behaviour of symmetric helicoidal laminates 
under transverse impact loading using the Hashin progressive failure criteria (Hashin, 
1980). Configurations with ply rotation angles of 7.8°, 16.3° and 25.7° were 
examined. The results show that matrix-dominant failure found at the back face is 
most widespread for the smallest ply rotation angle. This highlights the implications 
of having a small angle of rotation in helicoidal laminates. However, the model only 
takes into account progressive damage of the plies, while interlaminar damage is not 
accounted for. The importance of delamination in helicoidal laminates has been 
highlighted by Ravi-Chandar (2011) and may have significant effect on intralaminar 
propagation. Therefore, the response of the helicoidal configuration can only be 
elucidated with the use of a model that accounts for both intra- and interlaminar 
damage. 
 
In the current study, the classical laminate theory is used in the study of the response 
of the helicoidal configuration in the linear elastic regime. A continuum damage 
model incorporating intra- and interlaminar failure criteria is adopted for the quasi-
static plate bending test and ballistic test scenarios. Intralaminar damage is based on 
the Tsai-Wu failure polynomial (Tsai and Wu, 1971), while interlaminar damage 
follows the mixed-mode decohesion model proposed by Camanho and Davila (2002). 
 
4.3 Classical Laminate Theory (CLT) 
The classical laminate theory was developed on the basis of the classical plate theory 
for bending analysis of thin laminated composites (Ochoa and Reddy, 1992; Jones, 
1998; Reddy, 2003). While there are other composite plate theories such as shear 
deformation laminated plate theory and layerwise theories, these theories have been 
formulated to improve accuracy for thicker sections (Reddy, 2003). The span to 
thickness ratio of the laminates in the current study is greater than 20 (e.g. >25 for 
case of 37-ply specimens). Therefore, the classical laminate theory is most suitable 
given its simplicity and accuracy for thin laminates. 
 
With the classical laminate theory, a 3-D multi-layer laminate is essentially reduced 
to an equivalent single-layer 2-D shell with reasonable accuracy in the deformations 
and stresses. In the classical laminate theory, several assumptions and restrictions are 
prescribed (Ochoa and Reddy, 1992), which place restrictions on the analysis of the 
laminate. The assumption of perfect bonding between plies imposes limitations in the 
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analysis. It is expected that delamination occurs with progressive damage of the 
laminate; thus the applied load has to be small. This is also in line with the restriction 
of the theory that strains have to be small. Therefore the loading condition for the 
plate bending analysis using the classical laminate theory has to be kept within small 
displacements. Results of the analysis would provide insight into the behaviour of the 
laminate within the linear elastic regime (e.g. strains of <500µ (Ochoa and Reddy, 
1992)). 
 
Details of the classical laminate theory will be introduced, with notations consistent 
with Jones (1998) and Reddy (2003). Laminate bending analysis using the classical 
laminate theory begins with the evaluation of the linear elastic stiffness of each ply. 
Given the small thickness of each ply, the plane stress state is considered. Therefore, 











































  [4.1] 
Where: 





Q      [4.1a] 











Q     [4.1b] 





Q      [4.1c] 
   1266 GQ        [4.1d] 
 1E , 2E = Laminar stiffness along the fibre and transverse directions  
    respectively, 
  12G  = In-plane shear stiffness of the laminar, 
 12v , 21v  = Poisson’s ratios. 
 
Since the elastic stiffness term is aligned to the local coordinates of the individual ply, 
it is necessary to apply a coordinate transformation according to the orientation of the 
ply in the laminate (see Figure 4.1). The transformed elastic stiffness term Q  is 


















Q    [4.2] 
Where: 
   42222661241111 sincossin22cos QQQQQ    [4.2a] 
    44122266221112 cossincossin4  QQQQQ   [4.2b] 
   42222661241122 coscossin22sin QQQQQ    [4.2c] 
     cossin2cossin2 3662212366121116 QQQQQQQ    
[4.2d] 
     3662212366121126 cossin2cossin2 QQQQQQQ    
         [4.2e] 
    4466226612221166 cossincossin22  QQQQQQ   
         [4.2f] 
  = Angle measured in the anticlockwise direction from the ply material  
 coordinates to the laminate coordinates. 
 
Tsai and Pagano (1968) proposed an invariant form for the transformed elastic 
stiffness matrix which significantly reduced the number of terms required for 
evaluation of the components (Equations 4.3a to 4.3j). For the current study, the 
invariant form is adopted for its simplicity. 
 4cos2cos 32111 UUUQ    [4.3a] 
4cos3412 UUQ      [4.3b] 














34166 UUUQ     [4.3f] 
Where: 
    661222111 42338
1 QQQQU    [4.3g] 
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    22112 2
1 QQU      [4.3h] 
    661222113 428
1 QQQQU    [4.3i] 
    661222114 468
1 QQQQU    [4.3j] 
 
With the ply stiffness matrix derived in terms of the laminate coordinates, the 
constitutive equations for the laminate can then be established to relate the force ( N ) 
and moment ( M ) resultants to the strains () and curvatures ( ) at mid-plane. Here, 
force and moment resultants are defined as the force and moment per unit width of 
the cross-section respectively. The relations are summarised in Equations 4.4 and 4.5, 
with the introduction of the A (extensional), B (bending-extensional coupling) and D 
(bending) stiffness matrices (Reddy, 2003). Components of ijA , ijB  and ijD  are 
evaluated using Equations 4.6, 4.7 and 4.8. The A, B and D matrices can be written in 
a single equation relating the force and moment resultants to the strains and 





































































xxN and yyN  = In-plane resultant forces, xyN  = In-plane shear force, 
xx and yy  = In-plane normal strains, xy  = In-plane shear strain, 

































































































































 t  = Thickness of the laminate, 
 kz  = Distance from the mid-plane to the bottom surface of the kth ply (see 

















































































There are certain terms in the A-B-D matrix that, if non-zero, imply specific 
behaviours in the laminate (Jones, 1998). The 16A  and 26A  terms indicate coupling 
of in-plane shear and in-plane extension behaviour. The B matrix indicates coupling 
of out-of-plane bending and in-plane extension behaviour. The 16D  and 26D  terms 
indicate coupling of out-of-plane bending and twisting behaviour. The cross-ply 
configurations used in the current study fall under the specific category of symmetric 
laminates with multiple specially orthotropic layers (Jones, 1998). It is shown by 
Jones (1998) that for such configurations, the stiffness components 16A , 26A , 16D  
and 26D , as well as the entire B matrix are zero. This means that the cross-ply 
configurations do not exhibit the aforementioned bending-extension coupling. In 
contrast, the helicoidal configurations in the current study can be classified as regular 
antisymmetric angle-ply laminates (Jones, 1998; Reddy, 2003), where 16A , 26A , 
11B , 12B , 22B , 66B , 16D  and 26D  are zero. Reddy (2003) further proved that 




4.3.1 Analysis of Simply Supported Laminates 
In the current study, simply supported boundary conditions are imposed on the 
helicoidal and cross-ply laminates Therefore, in the theoretical analysis of the 
laminates, only the simply supported boundary conditions are considered. Reddy 
(2003) demonstrated the application of the classical laminated plate theory to simply 
supported rectangular laminates using the Navier method. From the Navier solution, 











Qyx    [4.10] 
Where: 
    
a
m      [4.10a] 
    
b
n      [4.10b] 
 a = Length of plate in x-direction, 
 b = Length of plate in y-direction, 





































mn yxQyxq    [4.12] 
    b amn dxdyyxyxqabQ 0 0 sinsin,4    [4.13] 
Where: 
 yxq ,  = Applied distributed load 
 
In the current study, the primary interest is in the analysis of plate bending under 
transverse point loading. For a point load of magnitude 0Q  at coordinates ( 0x , 0y ), 
the load coefficient  yxq , is given by 








QQmn     [4.15] 
 
Having determined the displacement function 0 , the in-plane stresses for the kth ply 
can be obtained using Equation 4.16. 
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       [4.16] 
 
It should be noted that transverse stresses ( xz , yz , zz ) are neglected in the 
classical laminate theory. However, 3-D stress equilibrium can be used to evaluate 




































QTzz   [4.17b] 






































         [4.17c] 
Where: 
 )(12)(662)(113)(12 2 kkkk QQQT     [4.17d] 
 )(12)(662)(223)(13 2 kkkk QQQT     [4.17e] 
  )(13)(12)(224)(12)(6622)(114)(33 22 kkkkkkk TTQQQQT    




Figure 4.3 illustrates the specific details of two possible types of simply supported 
boundary conditions for which the Navier solutions can be obtained (Reddy, 2003). 
The SS-1 type of boundary conditions requires the laminate stiffness components 
16A , 26A , 16B , 26B , 16D  and 26D  to be zero. As mentioned previously, 16B  
and 26B  for helicoidal configurations are non-zero. Therefore the SS-1 boundary 
conditions cannot be applied to the analysis of helicoidal configurations. The SS-2 
type of boundary conditions requires the laminate stiffness components 16A , 26A , 
11B , 12B , 22B , 66B , 16D  and 26D  to be zero. Since this requirement is met for 
both cross-ply and helicoidal laminates, the SS-2 boundary conditions shall be 
adopted for the laminated plate analysis in the current study. The displacement 
boundary conditions for SS-2, expressed in terms of (u,v, w ) with respect to the 
laminate coordinates ( x, y , z ) are 
   
   
       









































































































































 h = Thickness of the laminate.  
 
Based on the displacement boundary conditions of SS-2, Reddy (2003) proposed the 
mid-plane displacement functions 0u , 0v  and 0w  corresponding to the laminate 
coordinate system ( x, y , z ). 
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mn yxtUtyxu   
 [4.20a] 








mn yxtVtyxv    [4.20b] 








mn yxtWtyxw   
 [4.20c] 
Where: 
 mnU , mnV  and mnW  = Coefficients to be determined. 
 













































11ˆ AAc       [4.21a] 
 661212ˆ AAc      [4.21b] 





22ˆ AAc       [4.21d] 
 26216223 3ˆ BBc      [4.21e] 
  42266122211433 22ˆ  DDDDc    [4.21f] 
 





















1222110 ˆˆˆ ccca     [4.22d] 
221323121 ˆˆˆˆ cccca     [4.22e] 
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  [4.24] 
 
Finally, the transverse stresses for the kth ply is determined by 

















xz BzzAzz    [4.25a] 

















yz DzzCzz    [4.25b] 































         [4.25c] 
Where: 















































  [4.25e] 
 

















































  [4.25g] 
 
   )1()1(3)1()1(2)1(
244 mnmnmnmnmn
DBhCAhE      [4.25h] 
 )1(kmnE  

























































 For k = 1, 2… n. 
 
4.4	Composite	Failure	Theories	
The bending analysis of the laminate using classical laminate theory is essentially 
limited to the linear elastic regime. In order to elucidate the behaviour of the laminate 
upon further loading, the model has to incorporate failure criteria. There are various 
modes of damage in laminated composites, which include tensile fibre breakage, 
compressive fibre buckling, tensile or compressive matrix cracking and fibre-matrix 
debonding. As illustrated in the previous chapter, a simple transverse point loading of 
the laminate results in a mix of damage mechanisms. Thus for the purpose of the 
current study, it is essential that the failure criteria are able to reasonably predict the 
damage mechanisms. 
 
Various composite failure theories have been proposed by researchers over the years 
(Tsai, 1984; Ochoa and Reddy, 1992; Soden et al., 1998; Knight, 2006). However, as 
highlighted by the world-wide failure exercise (Hinton et al., 2004), each proposed 
theory has its share of strengths and weaknesses in predicting the different aspects of 
composite performance (e.g. laminate strength, fibre failure and crack density). For 
brevity, only the failure theories used in the current study are summarized, namely 





4.4.1 Maximum Stress Criteria 
The maximum stress criteria is often attributed to the work of Jenkins (1920), which 
is developed from the maximum normal stress theory for orthotropic materials. In the 
maximum stress failure criteria, independent stress limits in the principal material 
directions are imposed (Cui et al., 1992; Ochoa and Reddy, 1992; Jones, 1998; 
Knight, 2006). The ultimate material strengths, given in terms of the 3 normal and 3 
shear directions for 3-D problems, are compared with the respective stresses as shown 
in Equations 4.26a to 4.26f. For plane stress problems, Equations 4.26c, 4.26e and 
4.26f are ignored. The limits imposed by the maximum stress failure criteria are 


















































   [4.26c] 
 
1212 S     [4.26d] 
2323 S     [4.26e] 
1313 S     [4.26f] 
Where: 
 TX  and CX  = Tensile and compressive strengths in the fibre direction, 
 TY  and CY  = Tensile and compressive strengths in the transverse direction, 
 TZ  and CZ  = Tensile and compressive strengths in the thickness direction, 
 12S , 23S  and 13S  = Shear strengths in the 1-3, 2-3 and 1-3 orientations. 
For the maximum stress criteria, failure is assumed to occur in the corresponding 
orientation once any one of the conditions is met. Due to the use of smeared material 
properties, the response of the fiber and matrix, or the fiber-matrix interaction within 
the lamina cannot be accounted for. In addition, since the stress components are 
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considered independently, the predicted damage mode may be erroneous. As a result, 
the maximum stress criteria is inadequate for problems with multi-directional 
laminates or complex loading conditions. Jones (1998) noted that the variation in 
theoretical strength of unidirectional laminates predicted by the maximum stress 
criteria deviate significantly from experimental results. The differences are attributed 
to the lack of interaction of stress components in the failure criteria (Jones, 1998). 
However, despite its simplicity, the maximum (longitundinal) stress criterion is able 
to capture the onset of fiber failure (Truong et al., 2005; Ha et al., 2008; Huang et al., 
2012; Chen et al., 2013). 
 
4.4.2 Tsai-Wu Failure Criterion 
The Tsai-Wu failure criterion is a polynomial failure criterion which considers 
interaction between stress components, developed as a general failure theory for 
anisotropic materials (Tsai and Wu, 1971). Accuracy of the criterion is achieved 
through the use of higher order interaction terms. However, the higher order 
interaction terms become increasingly difficult to determine (Wu, 1974). As a balance 
of simplicity and accuracy, the quadratic polynomial form of the Tsai-Wu criterion as 
shown in Equation 4.28a (expressed in terms of lamina material coordinates) is often 
used (Cui et al., 1992; Jones, 1998; Reddy, 2003; Knight, 2006). For plane stress 































































































          
[4.28c] 
 
The Tsai-Wu failure criterion provides indication of failure at a local material point 
once the condition in Equation 4.28 is met. The mode of failure, however, is 
inherently not provided by the criterion. Thus it can be seen that additional steps are 
required to identify the mode of failure. Several methods have been proposed in other 
studies. For instance, Reddy and Reddy (1993) determined the failure mode through 
the relative contribution of each stress component. Knight (2006) organized the terms 
of the Tsai-Wu quadratic polynomial into six parts (three parts for 2-D problems) 
corresponding to the Voight notation. Equations 4.29a and 4.29b show the 
distribution of the terms for 3-D and 2-D problems respectively. The failure mode is 































































   [4.29b] 
 
4.4.3 Mixed-Mode Decohesion Model 
Based on the Dugdale-Barenblatt cohesive zone approach (Dugdale, 1960; Barenblatt, 
1962) and Griffith’s theory of fracture, Camanho and Davila (2002) developed a 
mixed-mode decohesion element formulation to simulate delamination in composites. 
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The constitutive behaviour of the model is illustrated in Figure 4.4. Under pure Mode 
I (tensile), Mode II or Mode III loading, a bilinear response is assumed. At the start of 
loading (Point 1 in Figure 4.4), the response is linear elastic until peak load (Point 2). 
After the onset of damage, there is linear degradation in stiffness until complete 
failure (Point 4). For pure Mode I compressive loading, the response is linear with no 
failure. Under mixed-mode loading, a quadratic failure criterion (see Equation 4.30) 
based on the Hashin-Rotem criterion for tensile matrix failure (Hashin, 1980) is 
proposed. Since compressive normal stress does not lead to delamination, negative 





















nS and sS  = Mode I and Mode II interlaminar failure strengths. 
 
4.4.4 Damage Progression Model 
The aforementioned failure theories have been used to predict the onset of damage in 
laminated composites. Ultimate failure typically occurs at higher loads after the onset 
of damage. Therefore, progressive failure analysis is required to take into 
consideration the material degradation that occurs between first ply failure and 
ultimate failure of the composite structure. This can be achieved through the use of 
material property degradation method (MPDM) in finite analysis which assumes a 
reduction in elastic stiffness as damage propagates (Reddy et al., 1995; Camanho and 
Davila, 2002; Pinho et al., 2006; Tay et al., 2008).  
 
In a unidirectional laminated composite, loss of load bearing capacity in the 
longitudinal (fibre) direction is attributed to fibre failure, while reduction in shear and 
transverse normal moduli are attributed to matrix failure (Zhao et al., 2006; Gorbatikh 
et al., 2007). Therefore, changes in the damage variable are dependent on the mode of 
damage. For fibre-dominant failure, every damage variable is reduced to reflect the 
loss in load bearing capacity. As for matrix-dominant failure, d11 is not affected since 
the intact fibre would still provide the load bearing capacity in the longitudinal 
direction. 
 
In the current study, the energy-based continuum damage mechanics (CDM) model 
proposed by Pinho et al. (2006) is adopted to evaluate damage propagation. Pinho et 
126 
 
al. (2006) assumed that the critical strain energy release rate is dependent on the 
material fracture toughness and linear softening occurs during damage propagation 







     [4.32] 
Where: 
0  = Stress at onset of damage, 
f  = Strain at ultimate failure, 
el  = Characteristic element length.  
 
For fibre damage, the critical strain energy release rate is equivalent to the Mode I 
fracture toughness. Unlike fibre damage, the fracture toughness of matrix is a 
function of the fracture mode ratio (Camanho and Davila, 2002). Hence, the mixed-
mode criterion proposed by Benzeggagh and Kenane (1996) is used to determine the 











  [4.33] 
Where: 
ncG and scG  = Mode I and Mode II fracture toughness of the matrix 
respectively,  
nG and sG  = Respective strain energy release rates under Mode I and Mode 
II loading, 
 = Parameter for mixed-mode loading. 
 
Based on Equation 4.32, the strain at ultimate failure can be determined using 







      [4.34} 
 
For every element at the onset of damage, an independent damage variable is 
introduced to account for the reduction of each elastic stiffness component. The 
effective residual stiffness for the damaged element is given by Equation 4.35, with 
the initial value of the damage variable set at 0. 
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  0* 1 EdE     [4.35] 
Where: 
*E  = Effective residual stiffness of the damaged element, 
d  = Damage variable ( 10  d ), 
0E  = Initial material stiffness. 
 
In order to ensure progressive linear degradation, the damage variable is determined 
by Equation 4.36 (Pinho et al., 2006). Since damage is irreversible, the maximum 
















fd   [4.36] 
Where: 
0  = Strain at onset of damage. 
4.5	 Numerical	 Analysis	 Based	 on	 Classical	 Laminate	
Theory	
The elastic responses of simply supported 19-ply single helicoidal (SH19) and cross-
ply (CP19) laminates, 100mm by 100mm by 1.52mm (length x width x thickness), 
under transverse point load of 50N are evaluated based on the classical laminate 
theory as discussed in Section 4.2. For this analysis, the plane-stress relations are 
used. The constitutive equations are written in Matlab, in particular to perform the 
iterative calculations required for the equations with series expansion. The material 
properties used for this analysis are based on AS/3501 carbon-epoxy unidirectional 
lamina (Reddy, 2003) (see Table 4.1). Each lamina is discretized into 100 by 100 
points for the calculation of stresses. The laminate stiffness (A-B-D) matrices, 
deflection and stresses are evaluated. In addition, for the calculations of deflection 
and stresses, the number of summation terms used (m and n) are varied in 3 steps (10, 
50 and 100) to check for convergence. 
 
4.5.1 Comparison of A-B-D Matrix 
In Chapter 2, it was determined that in the cuticle of the mantis shrimp telson, there 
are many layers of chitin-protein fibres. This can be approximated by a laminate with 
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infinitesimal ply thickness such that there is a continuous helicoidal rotation. 
Evaluation of the A-B-D matrix of this configuration is performed by using the 
integral functions in Equations 4.6 to 4.8, instead of the discrete layerwise summation. 
By defining the bottom of the laminate to be oriented at 0° and the change in angle as 
z  increases to be positive, the top of the laminate will be oriented at 180° (see Figure 










    [4.37] 
 
Substituting Equations 4.3a to 4.3f into Equations 4.6 to 4.8 and using Equation 4.37, 





































































































































         [4.38c] 
 
The A-B-D matrices for the SH19, CP19 and continuous helicoidal (CH) 
configurations are shown in Figure 4.7. The most significant difference between the 
CP19 and SH19 configurations is that the 16B  and 26B  components for SH19 are 
non-zero, which couple in-plane forces ( xxN , yyN ) to out-of-plane twist ( xy ) and 
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out-of-plane bending moments ( xxM , yyM ) to in-plane shear strain ( xy ). For the A 
matrix, the SH19 has approximately 5 times higher value of 12A  and 2 times higher 
value of 66A  compared to CP19. The higher 12A  value in the SH19 implies higher 
stiffness, and consequently reduced strain, in the direction transverse to the loading. 
The higher 66A  value indicates greater in-plane shear stiffness. As for the D matrix, 
the SH19 has approximately 4 times higher value of 12D  and 1.5 times higher value 
of 66D , although there is a 67.8% reduction in 22D , compared to CP19. The 
increased 12D  value implies greater induced transverse bending moment in the SH19. 
The higher 66D  value indicates increased resistance to twisting in the SH19. On the 
other hand, the reduction in 22D  contrasts the 26.8% increase in 11D , which means 
that there is greater disparity in bending stiffness between the x- and y-direction for 
SH19, i.e. the bending stiffness of SH19 in the 90° direction is particularly low. This 
can be expected since in the helicoidal configuration, the plies around the mid-plane 
are more aligned to the 90° direction, while the top and bottom plies are aligned to the 
0° direction, resulting in high bending stiffness in the latter orientation. 
 
Comparing the A-B-D matrices of SH19 and CH configurations, the main difference 
lies in the components 11A  and 22A . Unlike the SH19, the CH configuration is truly 
quasi-isotropic such that the 11A  and 22A  components are equal and 
2/)( 121166 AAA   (Reddy, 2003). This implies that for helicoidal configurations 
with small number of plies, the resulting laminate may not be quasi-isotropic. In 
terms of the B matrix, the 16B  and 26B  components are higher by 13.2% and 11.6% 
respectively in the case of the CH compared to the SH19. Thus, there is increased 
bending-extension coupling when more plies are used to achieve the helicoidal 
rotation (i.e. smaller ply rotation angle), while keeping the overall thickness constant. 
 
4.5.2 Comparison of Laminate Deflection 
The displacement fields of CP19 and SH19 are plotted in Figure 4.8. From the figure, 
it can be determined that the solution has converged for m  and n values of 50. The 
maximum deflection for CP19 is 0.425 mm, while that for SH19 is 27.8% higher at 
0.543 mm. For values of m  and n of 10, the peak deflection is underestimated by 
0.471% and 0.737% for CP19 and SH19 respectively. Therefore, in terms of 
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deflection, the solution is less sensitive to the number of summation terms used. 
Furthermore, the use of less summation terms reduces the computational cost. 
 
Due to symmetry, the contour plot for CP19 is concentric about the point of loading 
at the centre of the laminate. In contrast, the contour of SH19 is slightly elongated in 
the 0° direction. This can be attributed to the large difference in bending stiffness 
between the x-direction and y-direction, such that the laminate has a tendency to fold 
along the x-direction resulting in an elongated region of higher deflection. The same 
trend can be observed in the results reported by Ravi-Chandar (2011). 
 
4.5.3 Comparison of In-Plane Stress 
The maximum in-plane von Mises stress for each ply in the CP19 and SH19 
configurations (for m ,n = 10, 50, 100) are listed in Table 4.2. The maximum von 
Mises stress within each laminate occurs in Ply 1 (bottom ply). Based on the various 
number of summation terms used, there is a large discrepancy between the stresses 
obtained for values of mand n of 10 and 100. When the value of mand nis 10, the 
maximum von Mises stress is underestimated by up to 43.2% and 58.4% for CP19 
and SH19 respectively. When the value of mand n is 50, it is underestimated by up 
to 13.5% and 31.6%. This shows that unlike the deflection, more terms of summation 
are required for convergence of solution for stresses. When the value of mand n is 
100, the maximum in-plane von Mises stress for SH19 is higher than that for CP19 by 
20.1%, which occurs in the bottom ply. Contour plots for in-plane von Mises stress 
for each ply of CP19 and SH19 are shown in Appendix C. It is noted that in the SH19, 
the stress fields are non-symmetric and generally follow the ply angle rotation. In 
contrast, the deflection shown in the Figure 4.8 does not reflect the antisymmetry as 
expected of SH19. This can be attributed to the restrictions due to the boundary 
conditions. 
 
4.6	 Numerical	 Simulation	 of	 Quasi‐Static	 Plate	 Bending	
Tests	
In order to evaluate the behaviour of laminates with the helicoidal configuration 
under transverse point loading, finite element analysis incorporating various theories 
is performed. Progressive failure analysis is performed using a continuum damage 
mechanics model which uses the maximum stress criterion for fiber-dominant failure 
(Equation 4.26a), Tsai-Wu quadratic failure criterion for matrix-dominant failure 
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within each ply (Equation 4.28b) and mixed-mode decohesion elements for 
delamination (Equation 4.30). Damage propagation for all failure modes are based on 
the energy-based degradation model as discussed in Section 4.4.4. 
 
4.6.1 ABAQUS / Standard Model 
The numerical simulation is performed using the finite element software ABAQUS, 
with the constitutive relations of the continuum damage model implemented via 
UMAT sub-routine. Simulation is performed for the 11-ply, 19-ply and 37-ply plate 
bending experiments. The dimensions of each ply are 100 mm by 100 mm by 0.08 
mm (length x width x thickness) and is composed of a single layer of 8-node 
continuum shell elements with reduced integration formulation (SC8R). Enhanced 
hourglass control is enabled to prevent distortion of the elements. The mesh is refined 
in the centre 20 mm by 20 mm square area, which is the primary area for stresses and 
contact conditions, for better accuracy in the results. A mesh convergency study is 
performed to obtain the optimal mesh refinement (see Appendix D). Interlaminar 
behaviour is accounted for using a single layer of zero-thickness 8-node 3-D cohesive 
elements (COH3D8). Meshing of the cohesive elements matches that of the shell 
elements. The orientation of each ply is prescribed by the local material orientation, 
rather than assembling the plies accordingly.  
 
The material input properties for the lamina and cohesive elements are summarized in 
Tables 4.3 and 4.4 respectively, with the corresponding experimental and literature 
sources indicated. Mechanical tests based on ASTM standards are conducted to 
obtain most of the material properties. Details of the tests performed are in Appendix 
E. There are no standard methods of obtaining the fibre fracture toughness values in 
tension and compression (i.e. fctG  and fccG ). The matrix fracture toughness in 
normal and shear directions (i.e. ncG  and scG ) were originally based on the values 
from the Mode I (ASTM D5528) and Mode II (JIS K7086-1993) interlaminar fracture 
tests but these values were predicting early onset of damage. Therefore these values 
are adjusted based on the 11-ply plate bending experimental data, which would 
require shorter simulation runtime compared to the other tests with thicker specimens. 
For reference, Pinho et al. (2005) obtained the fibre fracture toughness for T300/913 
as 91.6 mJ/mm2 and Li et al. (2009) reported the ncG  and scG  values for 




In order to simulate the transverse loading by the indenter as performed in the 
experiments, a rigid half-sphere 12 mm in diameter is modelled. The assembly of the 
simulation is shown in Figure 4.9. Loading of the specimen is controlled by the 
displacement of the rigid half-sphere in the negative z-direction. Contact is specified 
between the rigid half-sphere and the laminate. A hard frictionless contact condition 
is prescribed. It is observed that the computational cost for the 37-ply model is too 
high such that the entire runtime would take several months using a high-end 
workstation with 32 processing threads running in parallel. Therefore, specifically for 
the CP37 and DH37 simulation, pressure loading at selected element faces on the top 
ply is applied in place of the rigid half-sphere. The elimination of contact from the 
problem reduced computational cost significantly, such that the simulation can be 
completed with the available resources.  
 
The ring simple support boundary condition is imposed by applying constraints in the 
z-direction on a circular ring of nodes (75 mm in diameter) on the bottom of the first 
ply (see Figure 4.10). Rigid body motion of the laminate during loading is eliminated 
by constraining 4 nodes on the ring support circumference as illustrated in Figure 
4.10. This allows displacement in the x-y plane that would be similar to the simple 
support condition in the experiments. 
 
4.6.2 Plate Bending Simulation Results 
The load-displacement responses obtained from the numerical simulations are plotted 
against the corresponding experimental results (see Figures 4.11 and 4.12). There is 
generally good agreement between simulation and experimental results. The 
helicoidal models (SH11 and SH19) exhibit a clear increase in stiffness over the 
cross-ply models before a significant drop in load occurs. The cross-ply models 
(CP11 and CP19) show a distinct unstable regime of slight load drops leading up to 
the final failure, which is observed in the experimental results. 
 
4.6.2.1 Damage in 11-Ply Models 
With the simulation results, the intra- and interlaminar damage can be examined. The 
amount of damage in the 11-ply models is assessed at the point of failure. It is found 
that in the SH11 model, at the point of peak load, there is matrix failure at the centre 
of every ply, but no fibre failure at all. After the load drop, there is only fibre failure 
in the first and second plies (Figures 4.13 and 4.14), which can be attributed to in-
plane tensile stress. Delamination in the SH11 model is observed in ply interfaces 
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below the mid-plane (i.e. ply interfaces 1 to 5), as shown in Figures 4.15 and 4.16. As 
for the CP11 model, there is progressive increase in fibre and matrix damage during 
the unstable regime, until final failure where there is fibre failure in every ply except 
the top ply (Figures 4.17 and 4.18). The amount of delamination also significantly 
increased such that there is delamination in the centre region at every ply interface 
(Figures 4.19 and 4.20).  
 
The extent of damage found in the 11-ply models can be correlated with the 
experimental findings. For the CP11 configuration, the test specimens are penetrated 
at failure. The cross-section of the failed specimen reveals fibre and matrix failure at 
the centre in every ply, as shown in Figure 3.14A. On the other hand, the SH11 
specimens do not exhibit any visible damage on the exterior despite the significant 
load drop. The cross-section of the failed SH11 specimen reveals delamination near 
the mid-plane (see Figure 3.14C). 
 
4.6.2.2 Damage in 19-Ply Models 
Compared to the SH11 model, the SH19 model exhibits more extensive intralaminar 
damage at failure (see Figure 4.21). There is fibre and matrix failure at the centre of 
each ply, which is reflective of the experimental results where the SH19 specimen is 
penetrated by the indenter. There is no propagation of fibre failure beyond the area 
under the indenter. This limited propagation of fibre failure agrees well with the 
damage observed in the actual specimens as shown in Figure 3.16. Compared to fibre 
failure, the region of matrix failure in each ply is more extensive and follows the 
rotation of the plies. This implies crack jumping which is observed in the micro-CT 
images of the SH19 specimens (see Figure 3.23). The crack jumping phenomenon 
was noted by Grunenfelder et al. (2014) to be an energy dissipating mechanism. 
Figures 4.22 and 4.23 show the delamination in each ply of the SH19 model. The 
delaminated area is generally larger in the ply interfaces below the mid-plane (i.e. 
interface 1 to 11). Indeed, from the micro-CT and cross-section images of the SH19 
specimens, delamination is found to be more extensive in the lower half of the plies. 
However, considering the span of the spiralling crack in Figure 3.23, the model 
underpredicts the area that has delaminated. 
 
Similar to the SH19 model, there is fibre and matrix failure in every ply of the CP19 
model, as shown in Figure 4.24. This is expected since the CP19 specimens are 
penetrated by the indenter. In particular, there is more extensive fibre failure in the 
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top 2 plies (i.e. plies 18 and 19) which is at the immediate region under the indenter. 
Therefore, the model is able to capture the through thickness cracks on the front face 
that are oriented at 0° and 90° (Figure 3.16A). On the back face, the same cross 
pattern is also reflected in the model. The regions of fibre and matrix failure follow 
the orientation of the plies. Figures 4.25 and 4.26 illustrate the delamination in the ply 
interfaces of the CP19 model. There is delamination in every ply at the centre region, 
which is also observed in the actual CP19 specimens (see Figure 3.17A). However, 
the span of the delaminated region is also underpredicted in the CP19 model. 
 
The main difference between the SH11 and SH19 models is the more extensive intra- 
and interlaminar matrix failure in the latter, which manifests as spiralling crack jump. 
This indicates that with a smaller ply rotation angle, the amount of energy dissipated 
is increased, resulting in improved load bearing capacity relative to the cross-ply 
configuration. 
 
4.6.2.3 Damage in 37-Ply Models 
Figures 4.27 and 4.28 show the intralaminar damage in the DH37 model. The DH37 
model exhibit extensive matrix failure at the bottom plies. Fibre failure occurs mainly 
in the bottom four plies and the plies above mid-plane. It is noted that there is 
widespread fibre failure at the centre of the top two plies, with a particularly early 
onset. This could be attributed to the use of pressure loading for the 37-ply models 
such that the elements in which loading is applied is brought to failure prematurely. 
Subsequently, the loss in stiffness in these elements lead to stress concentration in the 
neighbouring elements. This results in an overprediction of damage in the centre of 
the top plies. Interlaminar damage in the DH37 model is shown in Figures 4.29 and 
4.30. From the overview provided by the figures, delamination in the DH37 model 
mainly occurs in the plies around the mid-plane. In these ply interfaces, the 
delaminated region is symmetric about the centre of the ply and follows the rotation 
of the plies (see Figures 4.31 and 4.32). This shows that the DH37 model is able to 
capture the spiralling cracks observed in the micro-CT images of the DH37 specimen 
shown in Figure 3.26. Intralaminar damage in the CP37 model is largely similar to 
that observed in the DH37 model, with predominantly matrix failure in the bottom 
plies and fibre failure occurring in the top plies (Figures 4.33 and 4.34). Similar to the 
DH37 model, there is extensive fibre failure in the top four plies which initiated early 
in the loading stage. This is also attributed to the use of pressure loading which 
results in an overprediction of the damage in the region as well. The cross pattern 
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formed by the fibre and matrix failure in the top plies indicate the presence of 
through-thickness cracks that are oriented in the 0° and 90° directions. This is 
observed in the CP37 specimens from the quasi-static plate bending tests (see Figure 
3.19A). Interlaminar damage in the CP37 model is shown in Figures 4.35 and 4.36. 
Delamination mainly occurs in the plies just below the mid-plane. The centre of each 
ply interface, where delamination occurs, is highlighted in Figures 4.37 and 4.38. The 
diamond-shaped regions of delamination are reflective of the similar shaped indent 
found in the CP37 test specimens. 
 
4.7	Numerical	Simulation	of	Ballistic	Tests	
The same continuum damage mechanics model established in the previous section is 
used in the simulation of the impact experiment in Section 3.4. Results from the 
analysis provide a better understanding of the underlying mechanisms for energy 
absorption in the helicoidal and cross-ply configurations. Successful implementation 
of the helicoidal model also implies that simulation can be extended to elucidate the 
performance of laminates with variations such as more plies, closer ply rotation 
angles and also multiple helicoidal rotations. 
 
4.7.1 ABAQUS / Explicit Model 
Numerical simulation of the ballistic experiment is performed using 
ABAQUS/Explicit, primarily for the option to delete elements upon failure. This 
option allows for a more stable and realistic simulation of the impact event especially 
in cases where perforation occurs. The constitutive relations of the continuum 
damage model are implemented using a VUMAT sub-routine. The energy-based 
decohesion model can be implemented as a surface interaction in ABAQUS. 
Therefore, in order to simplify the model, the interlaminar constitutive behaviour is 
enforced using the cohesive surface function, instead of having discrete cohesive 
elements. 
 
Simulation is performed for 19-ply and 37-ply models, with a rigid half-sphere as the 
projectile. The half-sphere part is prescribed an initial velocity at a position 5 mm 
from the centre of the laminate model. This eliminates any interference that the 
projectile may have on the laminate should it be too close to the front face at the start 
of the simulation. The laminate model and all boundary conditions are the same as 
that used for the quasi-static plate bending simulation. Similar to the experiment, the 
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ballistic limit of each configuration is established based on the average of two initial 
velocities of the projectile, one where the model is perforated and the other where the 
model is not perforated, both at 5 m/s apart. The laminate is deemed to be perforated 
if the projectile detaches from the laminate with a non-zero velocity in the original 
direction. This is because the ballistic limit would be severely underpredicted if the 
last ply has to be intact. 
 
4.7.2 Ballistic Simulation Results 
Results for the simulated ballistic limits of the 19-ply and 37-ply laminates are 
summarized in Figure 4.39. The experimental values are also included for comparison. 
In the simulation, the SH19 model underpredicts the ballistic limit by 4.05% while 
the DH37 model is 0.14% below the experimental value. As for the cross-ply 
configurations, the CP19 model underpredict the ballistic limit by 5.22% while the 
CP37 model shows an overprediction of 1.42% respectively.  
 
From the experiment, the ballistic limit of CP37 shows an insignificant improvement 
of 0.5% over that of CP19. The simulation results show a 7.55% increase for the 
ballistic limit of CP37 over that of CP19. In contrast, the ballistic limit of DH37 
determined from the experiment is 52.1% compared to SH19, while the DH37 model 
predicts a 58.3% increase in ballistic limit. Therefore, in both experiment and 
simulation, the improvement in ballistic limit is greater for the helicoidal 
configurations. This highlights the potential of the helicoidal configuration in terms 
of ballistic resistance when more helicoidal rotations are used. 
 
4.7.2.1 Damage in 19-Ply Models 
The perforated CP19 and SH19 models are examined for the modes of damage. 
Figure 4.40 shows the front and back faces of the CP19 model after perforation. 
Besides the puncture at the site of impact, there are no other signs of damage on the 
front face. It should be noted that the elements at the centre of the model would have 
failed and hence deleted. Therefore even though there is elastic recovery after impact, 
the hole created due to perforation could not be covered as seen in the experimental 
specimens (see Figure 3.32). Closer inspection of the hole reveals delamination along 
its perimeter (Figure 4.40B inset). In addition, there is damage at the region of the 
ring support boundary in the plies below the mid-plane which resulted in loss of 
elements. The front and back faces of the perforated SH19 model are shown in Figure 
4.41. On the front face of the SH19 model, the only damage is at the impact region. 
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Damage has propagated slightly from the perimeter of the puncture, resulting in loss 
of elements. This is similar to the observation in the perforated SH19 specimen 
shown in Figure 3.34B. On the back face of the SH19 model, there is significantly 
less damage at the region of the ring support boundary. At the exit site, the model 
could capture the combined effect of intra- and interlaminar failure which results in 
peeling of the plies (see Figures 4.41B inset). Such damage has been noted in the 
SH19 specimen shown in Figure 3.34. 
 
Each ply of the CP19 and SH19 models are examined for intra- and interlaminar 
damage. Figures 4.42 and 4.43 show the damage in each ply of the CP19 and SH19 
models. It is observed that the voids due to deletion of failed elements are 
significantly larger in the SH19 model, which indicates a greater extent of 
intralaminar damage. The damaged regions in the SH19 model follow the rotation of 
the plies. Since the failed elements are deleted, there is no clear indication of whether 
delamination would have occurred in the affected regions. However, the spiraling 
pattern suggests that crack jump is likely to occur and would have been more evident 
if the failed material is not removed. It is clear that unlike the CP19 model, damage in 
the SH19 model is not localized to the impact region. Consequently, this gives the 
helicoidal laminate better impact resistance as shown in the higher predicted ballistic 
limit. 
 
4.7.2.2 Damage in 37-Ply Models 
The perforated CP37 and DH37 models are examined for the modes of damage. The 
front and back faces of the CP37 and DH37 models are shown in Figures 4.44 and 
4.45. Damage is similar to the corresponding 19-ply models. In terms of intra- and 
interlaminar damage, the CP37 model exhibit the same modes as found in the CP19 
model. The main difference is that in the plies below the mid-plane, the damage in the 
region of the ring support boundary is more extensive such that more elements from 
these plies have failed. The DH37 model exhibits the same spiralling damage pattern 
as the SH19. Therefore, it has been shown that the spiralling crack pattern is the 
dominant mode of damage for helicoidal laminates and thus the primary mechanism 
of energy dissipation. This occurs regardless of the number of helicoidal rotations 
which the plies are arranged in.  
 
Damage in each ply of the CP37 model is shown in figures 4.46 and 4.47. The voids 
in the centre of each ply represent removed elements where fibre failure has occurred. 
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The damaged region is consistent throughout the 37 plies. In contrast, the voids in the 
plies of the DH37 model (Figures 4.48 and 4.49) are more extensive. Since the 
ballistic limit of the DH37 model is found to be higher than that of CP37, more 
extensive damage can be expected. However, since the damage covers a larger area, it 
also indicates that more material in each ply is utilized before it is perforated. This 
would also explain the relative improvements shown for each configuration in terms 
of ballistic limit when the number of plies is doubled. The increase for the case of 
DH37 over the SH19 is significantly greater than the gains in the case of the CP37 
when compared with CP19. This has also been demonstrated in the actual ballistic 
tests. Hence, the helicoidal configuration also provides scalable performance in terms 
of ballistic resistance, which is probably one reason for the multiple helicoidal 
configuration found in the cuticle of the mantis shrimp telson. 
 
4.8	Summary	of	Results	
The helicoidal configuration is analysed using the Classical Laminate Theory. The A-
B-D matrix of the SH19 configuration consists of non-zero B16 and B26 terms which 
explains the warping (out-of-plane bending and twisting) observed after the cooling 
stage of the fabrication process. Since the telson cuticle comprises many layers of 
chitin-protein fibres, the ply rotation angle can be considered to be changing 
continuously across the thickness. Thus, a continuous helicoidal configuration is also 
analysed using the Classical Laminate Theory, which allows for better understanding 
of the behaviour of the helicoidal laminate as the number of ply increases and the ply 
rotation angle decreases, while the overall laminate thickness remains constant. The 
A-B-D matrix of the CH configuration shows that in-plane isotropy is achieved while 
bending-extension coupling is more significant. 
 
Numerical simulation is performed on the 11-ply, 19-ply and 37-ply helicoidal and 
cross-ply configurations. Loading and boundary conditions are chosen to emulate the 
quasi-static bending and ballistic experiments. Intralaminar damage is based on the 
Tsai-Wu Failure Criterion (Tsai and Wu, 1971), while interlaminar damage is 
modelled using the Mixed-Mode Decohesion Element Model by Camanho and 
Davila (2002). Based on the plate bending simulation results, the load drop observed 
in the SH19 and DH37 configurations are due to the onset of extensive in-plane 
matrix failure and delamination rather than fibre failure. The widespread matrix 
damage indicates an optimized use of material in the helicoidal configurations, which 
consequently results in the higher peak stiffness and load bearing capacity. Based on 
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the ballistic simulation results, the helicoidal configurations exhibit more widespread 
damage than the cross-ply configurations resulting in more effective use of material 
and allows for better scaling of performance as the number of helicoidal stacks is 
increased, i.e. from SH19 to DH37. This explains the improvement in ballistic limit 
such that at 37 plies, the helicoidal configuration has a higher ballistic limit than the 
cross-ply configuration. 
 
The numerical simulation results for 11-ply (CP11 and SH11) and 19-ply (CP19 and 
SH19) models are compared for the loads at which fibre and matrix damage first 
occurs and also at which fibre and matrix failure first occurs. The results are tabulated 
in Table 4.5. From the table, it is evident that regardless of the ply rotation angle, 
there is earlier onset of matrix damage and matrix failure (including delamination) in 
the helicoidal configurations. However, with the reduction in ply rotation angle from 
18 degrees to 10 degrees, the onset of fibre and interlaminar matrix damage in the 
helicoidal configuration occurs at a higher load than the cross-ply. The former is an 
important factor in the load bearing capacity of the laminate. It is also noted that fibre 
failure occurs consistently at a higher load in the helicoidal configurations. Hence 
there is a minimum angle at which fibre damage would occur at a higher load, thus 





Table 4.1: Material properties of AS/3501 (Reddy, 2003). 
Material Property Value 
E1 (GPa) 137.9 
E2 (GPa) 8.963 




Table 4.2: Maximum von Mises stress for CP19 and SH19 configurations. 
Ply 
CP19 SH19 













































1 74.6 -41.3 111.5 -12.2 127.0 89.4 -41.4 133.5 -12.5 152.5 
2 71.8 -43.0 109.5 -13.1 126.0 67.2 -40.0 98.5 -12.1 112.0 
3 59.0 -41.3 87.8 -12.6 100.5 49.6 -39.8 72.6 -11.9 82.4 
4 55.0 -43.0 83.8 -13.2 96.5 36.4 -41.1 54.2 -12.3 61.8 
5 43.2 -41.3 64.4 -12.5 73.6 27.0 -44.4 42.0 -13.6 48.6 
6 38.0 -42.9 58.0 -12.9 66.6 20.8 -48.3 34.3 -14.7 40.2 
7 27.5 -41.2 41.0 -12.4 46.8 16.9 -51.4 29.4 -15.5 34.8 
8 21.1 -43.0 32.2 -13.0 37.0 14.6 -52.4 25.9 -15.6 30.7 
9 11.8 -41.3 17.6 -12.4 20.1 13.0 -51.9 22.7 -15.9 27.0 
10 4.2 -43.2 6.4 -13.5 7.4 11.6 -49.6 19.6 -14.8 23.0 
11 3.9 -41.8 5.9 -11.9 6.7 9.9 -34.9 16.2 6.6 15.2 
12 12.7 -42.8 19.4 -12.6 22.2 7.9 -58.4 13.0 -31.6 19.0 
13 19.7 -41.2 29.3 -12.5 33.5 6.5 -51.5 11.3 -15.7 13.4 
14 29.6 -42.9 45.2 -12.7 51.8 8.4 -48.8 14.0 -14.6 16.4 
15 35.4 -41.2 52.8 -12.3 60.2 14.9 -42.5 22.5 -13.1 25.9 
16 46.4 -43.0 71.0 -12.8 81.4 25.3 -39.2 36.7 -11.8 41.6 
17 51.2 -41.1 76.2 -12.4 87.0 39.6 -38.7 57.0 -11.8 64.6 
18 63.4 -42.9 97.0 -12.6 111.0 57.8 -39.8 84.2 -12.3 96.0 








Table 4.3: Ply material properties. 
Property Value  Remarks 
E1 (GPa) 107  ASTM D3039 
E2 (GPa) 7.99  ASTM D3039 
G12 (GPa) 4.00  Tomblin et al. (2002) 
ν12 0.32  ASTM D3039 
σ1t (MPa) 1650  ASTM D3039 
σ1c (MPa) 826  ASTM D6641 
σ2t (MPa) 45.1  ASTM D3039 
σ2c (MPa) 141  ASTM D6641 
τ12 (MPa) 100  Tomblin et al. (2002) 
Gfct (mJ/mm2) 50  Curve-fit 
Gfcc (mJ/mm2) 25  Curve-fit 
Gnc (mJ/mm2) 0.6  Curve-fit 
Gsc (mJ/mm2) 0.9  Curve-fit 
η 1.75  Camanho and Davila (2002) 
 
 
Table 4.4: Material properties for cohesive elements. 
Property Value Remarks 
Knn (GPa/mm) 5000 Curve-fit 
Kss (GPa/mm) 80 Curve-fit 
Sn (MPa) 35 ASTM D5528 
Ss (MPa) 90 JIS K7086-1993 
GIC (mJ/mm2) 0.258 ASTM D5528 
GIIC (mJ/mm2) 0.723 JIS K7086-1993 











Table 4.5: Comparison of the occurrence of damage in the numerical models. Lower 
value between configurations of the same number of plies is in bold. 
Configuration  CP11  SH11  CP19  SH19 
Fibre Damage Onset  191  158  248  251 
Intralaminar Matrix Damage Onset  103  46  248  116 
Fibre Failure  642  1005  1182  1357 
Intralaminar Matrix Failure  384  125  748  211 
Interlaminar Matrix Damage Onset  191  118  195  199 





Figure 4.1: Convention of coordinate transformation angle θ, from ply material 
coordinate system (x1, x2, x3) to laminate coordinate system (x, y, z) (Reddy, 2003). 
 
 









Figure 4.4: Traction-separation graphs illustrating the constitutive behaviour of 
decohesion element under (A) Mode II or Mode III loading and (B) Mode I loading 





Figure 4.5: Assumed constitutive behaviour of element in CDM model. 
 
 
Figure 4.6: Variation of ply angle (θ) with thickness coordinate (z). 
 
 
Figure 4.7: A-B-D matrices for CP19, SH19 and CVH configurations. Values are 





Figure 4.8: Contour plots of deflection for CP19 and SH19 configurations. 
 
  






Figure 4.10: Bottom view of laminate model in ABAQUS, with arrows indicating 
directional constraints to eliminate rigid body motion under loading. Highlighted 
nodes form the ring support boundary condition. 
 
 





Figure 4.12: 19-ply quasi-static plate bending experimental and simulation results. 
 
 
Figure 4.13: Intralaminar damage in each ply of the SH11 model. Damage is 





Figure 4.14: Intralaminar damage at the centre of each ply in the SH11 model. 
 
 











Figure 4.17: Intralaminar damage in each ply of the CP11 model. Fibre and matrix 





Figure 4.18: Intralaminar damage at the centre of each ply in the CP11 model. 
 
 
Figure 4.19: Interlaminar damage in each ply of the CP11 model. Delamination is 










Figure 4.21: Intralaminar damage in each ply of the SH19 model. Fibre and matrix 















Figure 4.24: Intralaminar damage in each ply of the CP19 model. Fibre and matrix 





































Figure 4.31: Interlaminar damage at the centre of interfaces between plies 1 to 19 of 





Figure 4.32: Interlaminar damage at the centre of interfaces between plies 19 to 37 of 


























Figure 4.37: Interlaminar damage at the centre of interfaces between plies 1 to 19 of 





Figure 4.38: Interlaminar damage at the centre of interfaces between plies 19 to 37 of 





Figure 4.39: Summary of simulated and experimental ballistic limits of the 19-ply and 
37-ply laminates. Values are expressed in m/s. 
 
 
Figure 4.40: (A) Front face and (B) back face of perforated CP19 model. Damage is 
observed at the region of the ring support. At the exit site, there is delamination in 























Figure 4.41: (A) Front face and (B) back face of perforated SH19 model. At the exit 





Figure 4.42: Damage in CP19 model from ballistic simulation. Circle in white 
denotes position of ring support boundary. Voids in each ply are due to failed 






Figure 4.43: Damage in SH19 model from ballistic simulation. Circle in white 
denotes position of ring support boundary. Voids in each ply are due to failed 






Figure 4.44: (A) Front face and (B) back face of perforated CP37 model. Damage is 
observed at the region of the ring support. At the exit site, there is delamination in 
every ply (inset). 
 
 
Figure 4.45: (A) Front face and (B) back face of perforated DH37 model. At the exit 





Figure 4.46: Damage in plies 1 to 19 of the CP37 model from ballistic simulation. 
Circle in white denotes position of ring support boundary. Voids in each ply are due 
to failed elements. Delaminated regions between current and adjacent (upper) ply is 





Figure 4.47: Damage in plies 20 to 37 of the CP37 model from ballistic simulation. 
Circle in white denotes position of ring support boundary. Voids in each ply are due 
to failed elements. Delaminated regions between current and adjacent (upper) ply is 




Figure 4.48: Damage in plies 1 to 19 of the DH37 model from ballistic simulation. 
Circle in white denotes position of ring support boundary. Voids in each ply are due 
to failed elements. Delaminated regions between current and adjacent (upper) ply is 





Figure 4.49: Damage in plies 20 to 37 of the DH37 model from ballistic simulation. 
Circle in white denotes position of ring support boundary. Voids in each ply are due 
to failed elements. Delaminated regions between current and adjacent (upper) ply is 













In the design of flexible armour, engineers are constantly faced with the challenge to 
strike a balance between strength and weight of the body armour. The smasher mantis 
shrimp, which has the ability to deliver and yet defend high-impact strikes capable of 
dismembering crustacean preys within a single blow, holds great potential as a bio-
inspired flexible armour design. As reviewed in Sections 2.1 and 2.2, the cuticle of 
the mantis shrimp’s telson (i.e. their tail segment that is used as a shield against 
impact forces) is essentially composed of chitin-protein fibres that are relatively soft 
compared to man-made materials such as glass or carbon fibres. However, the overall 
high strength and toughness of the telson at the macroscopic level highlights the role 
of the fibre-configuration in amplifying its mechanical performance. Despite the 
defence capability of the telson, its mechanical properties had not been properly 
examined in past studies. While several studies (e.g. Currey et al., 1982; Patek et al., 
2004; Patek and Caldwell, 2005) focused on the hammer of the mantis shrimp (i.e. 
their enlarged heel used to deliver high impact forces), the only known work to date 
on the mechanical properties of the telson is by Taylor and Patek (2010), who 
performed drop impact tests to obtain the coefficient of restitution of the telson. As a 
result, questions remain over the actual mechanical response of the telson under 
quasi-static or impact loadings.   
 
This current research is an attempt to investigate the multi-scale morphology of the 
mantis shrimp’s telson cuticle and propose a laminated carbon-epoxy composite 
system based on the biomimicry of this tail plate system. Using SEM, the stacking 
arrangement of the chitin-protein layers was established to be of a helicoidal 
configuration. Apart from the bio-inspired composite system, a conventional 
composite layup commonly used in industry was tested and used as a reference 
system against which the performance of the proposed design can be compared. 
Through this, a much better understanding of the role of the helicoidal configuration 
in improving the mechanical aspects of a laminated composite has been achieved.   
 
In the helicoidal configuration, the two key parameters are the ply rotation angle and 
number of helicoidal stacks in the laminate. Relative to the performance of the cross-
ply configuration, if the ply rotation angle is reduced, the helicoidal laminate would 
exhibit higher peak load and peak stiffness under quasi-static loading, and higher 
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ballistic limit. If the number of helicoidal stacks is increased, the helicoidal laminate 
would exhibit higher peak load under quasi-static loading and higher ballistic limit. 
There is no significant effect of increasing the number of helicoidal stacks on the 
peak stiffness, relative to cross-ply configuration. 
	
5.2	Summary	of	Research	Findings	
The key findings from this research are summarised as follow: 
5.2.1 Mechanical Properties of the Mantis Shrimp Telson at Macroscopic Level 
1. Ballistic tests were performed on the telsons of the smasher and the spearer, 
as well as the carapace of the Thunder crab; the latter two species tested for 
comparison purpose. As the cuticle thickness is different for all three species 
and the series of impacts sustained by each specimen prior to damage varies, 
the projectile kinetic energy for every shot is summed up and normalized 
against the cuticle thickness of the respective specimen for a fair evaluation 
of their relative ballistic performances. Based on the normalized critical 
kinetic energy, the smasher performed slightly better than the spearer, with 
the worst performing being the crab. If the kinetic energy of every shot is 
considered, the normalized total kinetic energy for the smasher is 
significantly better than the other two species. Therefore from results of the 
ballistic tests, smasher telson was found to exhibit superior impact resistance. 
2. Quasi-static tests were performed on the smasher, spearer and crab specimens 
to provide an evaluation of static strength that parallels the ballistic tests. 
Although the spearer specimens did not have a clear indication of failure, the 
smasher telson has the highest load bearing capacity. Furthermore, the 
smasher telson retains its stiffness during the loading phase much better than 
the other two species.  Hence the smasher telson is prime example of a 
structure with high impact resistance that does not compromise on structural 
stiffness. 
3. In order to understand the effects of geometry on the performance of the 
smasher telson, spearer telson and crab carapace under static load, a 2-D 
computational analysis was carried out. In particular, the analysis highlighted 
the flexibility of the smasher telson that is aided by the ridges on the dorsal 
surface. The ridges allow the medial carina of the smasher telson to deflect 
under load without formation of stress concentration points. Akin to a leaf 
spring, the telson is able to deflect considerably without significant strain. It 
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was also noted that the smaller ridges near the centreline provide additional 
structural stiffness under large deflections of the medial carina. 
 
5.2.2 Mechanical Properties of the Mantis Shrimp Telson at Microscopic Level 
1. It was observed that polished cross-sections of the cuticle reveal alternating 
light and dark bands of across the thickness. Nano-indentation tests were 
performed on the smasher telson to examine variations in mechanical 
properties that may be present. The nano-indentation test results show that 
regions of dark bands have lower stiffness. By considering the structure of 
the cuticle as layers of chitin-protein fibres, this means that the dark bands 
correspond to the regions where the fibre direction is parallel to the plane of 
the cross-section. Therefore the smooth transition between light and dark 
bands across the thickness of the cuticle indicates that the chitin-protein fibre 
layers are arranged in a helicoidal configuration. 
2. The cuticle from the smasher telson was further examined using SEM 
imaging. The helicoidal ply stacking sequence of the chitin-protein fibre 
layers was verified. In addition, large amounts of pore canal fibres were 
pulled out due to the fracturing of the specimen for SEM imaging. Given the 
volumetric density of the pore canal fibres, it is possible that observations of 
a fibrous endocuticle by past researchers may have actually been referring to 
the pore canal fibres. EDX analysis of the cross-section of the cuticle 
indicates higher mineral content in the exocuticle compared to the 
endocuticle. Thus, the higher local stiffness in the exocuticle can be attributed 
to the higher mineral content. 
 
5.2.3 Mechanical Properties of Helicoidal Composites 
1. Laminates with the helicoidal configuration are subjected to transverse point 
loading. Initially, a four-point simple support boundary condition is used. 
However, the helicoidal specimens could not be loaded to failure due to the 
high flexibility. Subsequently, the four-point support was replaced with a ring 
support. With the ring simple support boundary condition, the 19-ply and 37-
ply helicoidal specimens exhibited higher stiffness and peak loads than cross-
ply specimens. Unlike the cross-ply specimens, the helicoidal specimens do 
not have an unstable regime after the onset of damage. The helicoidal 
specimens undergo catastrophic failure. 
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2. Post-test 19-ply and 37-ply specimens from the quasi-static tests were 
examined using micro-CT imaging. For the helicoidal specimens, a pair of 
spiralling interlaminar cracks were observed around. These cracks were 
symmetric about the centre of the laminate and clearly jumped across plies 
during propagation. In contrast, through-thickness cracks involving cleaving 
of fibres were more common in cross-ply laminates. This could be the reason 
for the lower load bearing capacity of the cross-ply. 
3. Ballistic tests were conducted on the helicoidal laminates to evaluate the 
impact resistance of the helicoidal configuration compared to the cross-ply 
configuration. For laminates up to 19 plies, the cross-ply specimens exhibited 
better impact resistance with a higher ballistic limit. However, the 37-ply 
double helicoidal specimens outperformed the corresponding cross-ply 
specimens.  This suggests that a multiple helicoidal configuration could 
potentially provide much better impact resistance than conventional 
configurations. 
 
5.2.4 Numerical Analysis  
1. The classical laminate theory was used in the analysis of the helicoidal 
laminate within the linear elastic regime. The A-B-D stiffness matrix was 
evaluated for 19-ply cross-ply and helicoidal configurations. The non-zero 
16B  and 26B  in the stiffness of 19-ply imply the presence of bending-
extension coupling, which explains the warping of specimens upon cooling 
from the curing temperature during the fabrication process. The responses of 
19-ply helicoidal and cross-ply laminates are also evaluated. Given the same 
prescribed load, deflection in the helicoidal laminate is greater than that of 
the cross-ply laminate. The peak von Mises stress is also higher in the case 
of the helicoidal laminate. 
2. In order to model the true behaviour of the laminates, simulation of the 
quasi-static plate bending test and ballistic test was performed using a 
continuum damage mechanics model incorporating maximum stress 
criterion and Tsai-Wu quadratic failure criterion for intralaminar damage, 
and mixed mode decohesion elements for interlaminar damage. Results 
from the simulation showed good agreement with experiments in terms of 
peak loads (quasi-static), ballistic limits and observed modes of damage. In 
particular, the helicoidal models have rotating regions of matrix failure and 
delamination, which is akin to the spiralling cracks in the helicoidal 
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specimens. In addition, there was a greater improvement in ballistic limit 
with the increase in number of plies from 19 to 37 for the helicoidal 
configuration. This trend was observed in the ballistic experiments as well.  
5.4	Recommendations	for	Future	Work	
Based on the current study, some recommendations for future research are provided 
as follows: 
1. The mechanical properties of the mantis shrimp cuticle on the macro-scale 
level is affected by constituent components that are lower in the structural 
hierarchy, such as the chitin fibres or even pore canal fibres. Micro-
mechanical tests could be performed on these components for a multi-scale 
study of the problem.  
2. The effects of pore canal fibres have not been explored in the current study. 
The pore canal fibres could possibly function as transverse reinforcements 
which would lead to improved mechanical performance. Hence a study on 
the role of the pore canal fibres could shed light on the performance of the 
smasher telson.  
3. The approach to the design of the biomimetic composite could be diversified 
by considering the use of a stiffer material for the outer helicoidal stacks, 
based on observations that the exocuticle is harder than the endocuticle. 
Alternatively, the rate of ply rotation in the helicoidal configuration can be 
varied as observed in the cuticle of the smasher telson. Variation in ply 
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In order to evaluate the effects of shape on the specimens, four specimens were 
fabricated for quasi-static plate bending test (Figure A.1): 
1. SH19 
2. SH19 with edges trimmed to 100mm diameter 
3. CP19 
4. CP19 with edges trimmed to 100mm diameter 
 
 
Figure A.1: Test specimens to verify edge effects 
 
Result of the plate bending test is shown in Figure A.2. The trimmed SH19 specimen 
has a 1.3% increase in peak load over the SH19 specimen, while the trimmed CP19 
specimen has a 8.8% reduction in peak load over the CP19 specimen. Thus, it is 
evident that while the shapes of the specimens may differ, there is no significant 












Table B. 1: Incident and residual velocities of projectile for ballistic tests. Specimens 
in each series are arranged in descending order of incident velocity. 
Specimen Incident Velocity (m/s) Residual Velocity (m/s) Penetration 
CP19BL-2 202.43 179.55 Y 
CP19BL-3 190.11 171.39 Y 
CP19BL-4 176.68 146.90 Y 
CP19BL-5 164.47 138.74 Y 
CP19BL-6 158.23 122.42 Y 
CP19BL-7 151.98 63.84 Y 
CP19BL-8 149.70 97.94 Y 
CP19BL-1 148.81 - N 
CP19BL-10 143.68 41.34 Y 
CP19BL-9 135.87 - N 
SH19BL-1 152.44 119.57 Y 
SH19BL-2 139.66 108.57 Y 
SH19BL-3 129.53 91.86 Y 
SH19BL-4 120.19 83.51 Y 
SH19BL-5 108.93 66.81 Y 
SH19BL-7 99.21 24.48 Y 
SH19BL-8 88.34 - N 
SH19BL-6 85.32 - N 
CP37BL-1 203.25 161.73 Y 
CP37BL-5 201.61 166.55 Y 
CP37BL-6 171.82 106.53 Y 
CP37BL-2 164.47 114.54 Y 
CP37BL-7 142.05 66.84 Y 
CP37BL-4 138.89 - N 
CP37BL-3 135.50 - N 
DH37BL-4 153.85 62.28 Y 
DH37BL-6 153.85 59.26 Y 
DH37BL-7 147.49 40.02 Y 
DH37BL-9 145.35 38.91 Y 
DH37BL-1 140.06 - N 







Plots of the von Mises stress fields for CP19 and SH19 plate bending analysis based 
on the classical laminate theory are obtained using different number of summation 
terms (m and n).  
 




































The 11-ply single helicoidal model for quasi-static bending is used for a mesh 
convergency study to obtain the optimal mesh size based on the load-displacement 
response. Mesh refinement is based on the element size of the centre region, where 
element lengths of 1.25 mm, 1 mm, 0.67 mm and 0.56 mm are used. Performance of 
the mesh is based on the peak load obtained. The results are shown in Table D1 and 
Figure D1. Therefore, the mesh used for all simulations in the current study is based 
on an element length of 0.67 mm in the centre region. 
Table D1: Results of mesh convergency study for SH11 model. 
Element Length (mm) No. of Elements Peak Load (N) 
0.56 114891 1255 
0.67 103885 1250 
0.8 56028 1143 
1 36540 1383 
 
 

























Tensile properties of the carbon fibre prepreg, i.e. elastic modulus, ultimate tensile 
strength and Poisson’s ratio, are evaluated using the ASTM D3039 Standard Test 
Method for Tensile Properties of Polymer Matrix Composite Materials. In order to 
obtain the longitudinal and transverse properties, five 0° and five 90° unidirectional 
laminate test coupons are fabricated based on the recommended dimensions. For the 0° 
specimens, glass fibre-reinforced polymer (GFRP) tabs are bonded to the grip area 
according to specifications in the standard (see Figure E1). Tests are conducted on the 
Instron 8501 servo-hydraulic testing machine at a displacement rate of 2 mm/min. 
Results of the tensile tests are summarized in Table E1. 
 
 
Figure E. 1: 0° unidirectional tensile test coupon with tabs and strain gauge mounted. 
 
Table E. 1: Material properties from tensile tests on 0° and 90° specimens. 
Properties  Specimen  Average 
1  2  3  4  5 
E1 (GPa)  103  111  111  105  104  107 
E2 (GPa)  7.79  7.72  8.01  8.47  7.96  7.99 
σ1t (MPa)  1620  1650  1820  1560  1610  1650 
σ2t (MPa)  45.1  42.8  46.3  47.5  44.0  45.1 
ν12  0.31  0.33  0.30  0.34  0.34  0.32 
 
E.2	Compressive	properties	(ASTM	D6641)	
Ultimate compressive strengths of the carbon fibre prepreg in the 0° and 90° 
directions are evaluated using the ASTM D6641 Standard Test Method for 
Compressive Properties of Polymer Matrix Composite Materials Using a Combined 
Loading Compression (CLC) Test Fixture. Five specimens are fabricated for the tests 
based on recommended dimensions. The specimens are mounted in the CLC test 
fixture and tested using the Shimadzu AG-25TB mechanical tester as shown in Figure 
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Figure E. 2: Compression test setup with CLC fixture. 
 
Table E. 2: Ultimate compressive strengths obtained from 0° and 90° specimens. 
Properties  Specimen  Average 
1  2  3  4  5 
σ1c (MPa)  738  820  829  851  890  826 




The interlaminar mechanical properties under Mode I loading are obtained from tests 
based on the ASTM D5528 Standard Test Method for Mode I Interlaminar Fracture 
Toughness of Unidirectional Fibre-reinforced Polymer Matrix Composites. For the 
tests, double cantilever beam (DCB) specimens are fabricated according to the 
specifications in the standard. The DCB specimens are tested on the Instron 8874 
mechanical tester at a loading rate of 1 mm/min (see Figure E3). For the purpose of 
the numerical simulation in the current study, the initiation value of the critical 
fracture toughness is required. Based on the ASTM D5528 standard, the Deviation 
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from Linearity (NL) method of obtaining the critical fracture toughness is used. The 
results are presented in Table E3. Subsequently, the DCB specimen is modelled in 
ABAQUS using the material properties of the carbon fibre prepreg. The input values 
for the Mode I interlaminar stiffness ( nnK ) and strength ( nS ) are adjusted to fit the 
experimental results (see Figure E4), and are determined to be 5000 GPa/mm and 35 
MPa respectively. 
 
Table E. 3: Initiation values for critical fracture toughness using NL method. 
Property Specimen Average 
1 2 3 4 5 
GIC 
(mJ/mm2) 0.235 0.199 0.273 0.278 0.307 0.258 
 
 





Figure E. 4: Simulation results plotted against experimental results for DCB test. 
 
E.4	Mode	II	Interlaminar	Properties	(JIS	K7086‐1993)	
The interlaminar mechanical properties under Mode II loading are obtained from tests 
based on the JIS K7086-1993 Testing Methods for Interlaminar Fracture Toughness 
of Carbon Fibre Reinforced Plastics (Tanaka et al., 1995). For the tests, end notched 
flexure (ENF) specimens are fabricated according to the specifications in the standard. 
The ENF specimens are tested on the Shimadzu AG-25TB mechanical tester using a 
3-point bending fixture at a loading rate of 1 mm/min (see Figure E5). Similar to the 
Mode I properties, the initiation value of the Mode II critical fracture toughness is 
required. The results are presented in Table E4. Subsequently, the ENF specimen is 
modelled in ABAQUS using the material properties of the carbon fibre prepreg. The 
input values for the Mode II interlaminar stiffness ( ssK ) and strength ( sS ) are 
adjusted to fit the experimental results (see Figure E6), and are determined to be 80 
GPa/mm and 90 MPa respectively. 
 
Table E. 4: Initiation values for critical fracture toughness using NL method. 
Property Specimen Average 
1 2 3 4 5 
GIIC 






Figure E. 5: ENF test setup for Mode II interlaminar fracture toughness. 
 
 
Figure E. 6: Simulation results plotted against experimental results for ENF test. 
 
